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Chapter  1  :  I ntroduc t ion
h i s t o r i c  b a c kg r o u n d
Durham Cast le  i s  a  Norman for tress  located at  Durham,  in  the nor th of 
England.  [Figure 1 .01]  Construc t ion of  the cast le  began in  1072 under 
the direc t ion of  K ing Wi l l iam the Conqueror  as  a  border  for tress  against 
nor thern England and S cot land.  Fol lowing K ing Wi l l iam’s  commiss ion 
of  the bui lding,  i t  was  t ransferred to  Walcher,  the Bishop of  Durham. 
S ince that  t ime the cast le  has  remained in  the possess ion of  the pr ince -
bishops of  Durham for  750 years.  Each bishop has  subsequently  made 
changes to  the cast le  including addit ions  and restorat ions.  I n  1837,  the 
cast le  was  donated by Bishop Van M i lder t  to  the Univers i t y  of  Durham 
and st i l l  houses  i t  to  the present  day. 1  
Durham Cast le  was  bui l t  in  the t radit ional  Norman Motte  and Bai ley 
form that  i s  s t i l l  v is ib le  today despite  the many changes throughout 
i ts  long histor y.  Subsequent  addit ions  have integrated the var ious 
architec tural  st y les  throughout  the struc ture.  [Figures  1 .02 -  1 .03]
I n  1986,  Durham Cast le  was  designated by UNESCO as  a  World  Her i tage 
S i te  ( WHS) ,  a long with Durham Cathedral  and the s i te  k nown as  Palace 
Green;  i ts  s igni f icance based on i ts  architec tural  features,  i ts  pol i t ica l , 
socia l ,  and re l igious  histor y  ref lec t ing the power  of  the Norman 
1
conquerors  and Pr ince -Bishops,  i ts  s igni f icant  role  in  the creat ion of  the 
town and communit y,  i ts  ro le  as  a  home to the Univers i t y  of  Durham, 
and i ts  col lec t ion of  her i tage sk i l l s . 2,3 
figure 1.01. durham location map. http://www.gdi-solutions.com/mapimages/Dur-
ham%20radius_files/image_map.gif. 2001.
2
figure 1.02. durham: the castle courtyard. university of durham archives. 1900.
figure 1.03. durham: the castle courtyard. tiffani simple. 2009.
3
The main goal  of  the World  Her i tage S i te  ( WHS)  Management  Plan is 
‘ to  descr ibe an approach to  the future  management  of  the Durham 
Cathedral  and Cast le  WHS that  wi l l  reta in  and strengthen the balance 
bet ween conser ving the histor ic  environment ,  enhancing the local 
charac ter  and amenit ies  of  the WHS and surroundings with the need 
to  keep the WHS in  ac t ive  and appropr iate  use,  pr imar i ly  as  a  re l igious, 
educat ional  and res ident ia l  work ing environment ’. 4  [Figure 1 .04]
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t h e s i s  f o c u s
This  thes is  studies  the sandstone masonr y  of  the cast le  with a  focus  on 
i ts  current  condit ion,  deter iorat ion mechanisms,  in  par t icular,  a lveolar 
eros ion,  and the per formance of  previous  repairs .  This  information wi l l 
then be used to  test  and evaluate  the current  stone and recommend 
treatment  methods in  addit ion to  the current  stone replacement .
The current  key issue of  stone deter iorat ion was ident i f ied in  the 
ICOMOS-UK 1995 M onitor ing Review of  UK World  Her i tage S i tes.  The 
cast le  was  placed on Engl ish  Her i tage’s  Bui ld ings  at  R isk  register  and 
categor ized as  Grade C –  ‘suf fer ing s low decay ;  no solut ion agreed ’. 
Current ly,  th is  i ssue has  st i l l  not  been resolved. 
The ex ter ior  stonework of  the cast le  has  been deter iorat ing at  least  s ince 
the ear l iest  photographic  records  dat ing to  the late  19th centur y.  The 
stonework is  of  a  local  sandstone la id  in  both pla in  and car ved ashlar 
blocks.  According to  M aur ice  Tucker,  there  is  var iat ion in  the stone – 
f rom f ine to  medium grained with a  few coarse  grained stones,  wel l 
laminated to  thick  bedded,  f rom cross- laminated to  cross-bedded,  and 
f rom pale  to  darker  brown.  The upper  Carboniferous  sandstones  used 
for  the cast le  were deposited in  a  r iver  delta  environment ,  with  the 
sediment  der ived f rom the nor th/nor theast .  The sandstone is  most ly 
a  l i th ic  quar tz  arenite.  Some sandstone is  more c lay-r ich;  the quar tz 
5
i s  most ly  monocr ysta l l ine  with some polycr ysta l l ine  quar tz .  There  are 
a lso  micas  present ,  most ly  muscovite  with a  l i t t le  biot i te.  The cement  is 
const i tuted by c lay  minerals ,  with  some quar tz  overgrowths.  The brown 
color  i s  due to  var y ing amounts  of  l imonite/goethite.  This  i ron oxide 
is  most ly  der ived f rom the breakdown of  c lay  and maf ic  minerals ,  and 
poss ibly  pyr i te. 5 
The or iginal  (h istor ic )  s tone and i ts  weather ing found at  the cast le 
appear  to  be consistent  across  the ent i re  s i te,  regardless  of  age or 
locat ion and are  representat ive  of  other  bui ldings  in  the area,  such 
as  Durham Cathedral .   The obvious  diagnosis  therefore  appears  to  be 
re lated to  the geo - chemical  nature  of  the stone more than any other 
s ingle  fac tor.  Alveolar  eros ion is  par t icular ly  evident  and poses  the 
greatest  r isk  given i ts  resultant  loss  of  stone and unit  volume,  leading 
to  v isual  d is f igurement  and struc tural  instabi l i t y.
Because of  th is  long- l ived problem,  composite  mor tar  ( “plast ic ” )  repairs 
and stone replacement  have f requently  been per formed on the cast le. 
Al though there  is  a  long histor y  of  repairs  to  the stonework ,  hazardous 
struc tural  condit ions  in  the ear ly  20th centur y  forced into ac t ion a 
mass ive restorat ion projec t  to  save the cast le.  I n  1927,  Oscar  Faber, 
a  consult ing engineer,  prepared  a  struc tural  assessment  and repor t 
on the cast le  and cathedral    that   led to  one of  the most  ambit ious 
restorat ion projec ts  in  England before  the Second World War. 6 
6
Bet ween 1929 and 1939,  an ex tensive restorat ion campaign was 
implemented on the cour t yard of  the cast le  to  prevent  the bui lding f rom 
col lapsing into the r iver.  Dur ing this  restorat ion,  Faber  underpinned 
the bui ld ing with br ick  and concrete  to  reduce the pressure  on the 
t wo unstable  wal ls . 7 Cement  was  a lso used to  strengthen the wal ls 
themselves  and a  “synthet ic  stone paste” was  used for  mor tar  repairs 
on the ex ter ior  stonework .  The jo ints  were a lso repointed a long the 
ex ter ior  wal ls  of  the cour t yard dur ing the 1930s  restorat ion. 
More recent ly,  the pr imar y  conser vat ion method in  use on the cast le’s 
stonework is  tota l  replacement  in  k ind of  the stone.  Once the stone has 
deter iorated to  a  cer ta in  depth,  general ly  f rom alveolar  eros ion,  the 
ent i re  block is  replaced with a  local  sandstone.  This  research seeks  to 
expand the t reatment  opt ions  by studying the composit ion of  the stone 
and i ts  deter iorat ion mechanisms and patterns  and recommending 
compatible  methods of  consol idat ion a lone and in  associat ion with 
composite  repair  as  a  means of  avoiding eventual  large scale  loss  and 
replacement  of  unit  masonr y.  
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m e t h o d o l o g y
archival  documentat ion and s i te  recording
Summar y background research was  f i rst  per formed on Durham Cast le 
including i ts  use,  construc t ion and restorat ion histor y.  Fol lowing this ,  a 
technical  l i terature  review was compi led on a lveolar  eros ion including 
i ts  var ious  or igins  and enabl ing fac tors.  I nvest igat ion was  then carr ied 
out  on the composit ion of  the stone including i ts  mineralogy and 
microstruc ture,  to  better  understand i ts  weather ing and deter iorat ion 
tendencies.   This  informed a  reading of  the condit ions  in  general 
on the cast le,  and in  par t icular,  for  the e levat ion recorded in  detai l 
dur ing summer 2009.  Addit ional  fac tors  to  be considered included 
the environment  and microcl imate,  construc t ion and detai l ing,  and 
previous  a l terat ions,  t reatments,  and maintenance regimes.  Af ter  this 
was  completed,  mater ia l  analys is  and physical  and mechanical  test ing 
were completed on bulk  samples  taken.  [Appendix  A –  Methodology] 
S i te  research began in  summer 2009 us ing the Univers i t y  of  Durham’s 
archive col lec t ion.   A  mapping and chronology was developed to 
better  understand the construc t ion,  a l terat ions,  maintenance and 
conser vat ion that  have taken place on the struc ture  over  t ime.  Along 
with understanding the cast le’s  h istor y,  i t  i s  imperat ive  to  study the 
stone’s  current  condit ion.  Us ing a  representat ive  e levat ion of  the cast le, 
a  graphic  sur vey was  conduc ted at  the t ime to  record the many stone 
condit ions  present .  [Figure 1 .05] 
8
figure 1.06. capturing elevation photos for rectification. tiffani simple. 2009.
figure 1.05. durham castle plan with pilot elevation highlighted. altered plan based upon 
drawings by smiths gore surveyors. 2010.
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A detai led or tho -rec t i f ied photographic  e levat ion of  the east  façade 
of  the main cour t yard was  construc ted and the condit ion of  ever y 
stone on the east  façade was documented.  [Figure 1 .06-1 .08]  Var ious 
condit ions  were ident i f ied based upon the ICOMOS ISC Stone Condit ion 
Glossar y  and a l l  of  the condit ions  present  on the façade were recorded 
graphical ly  in  AutoCAD and transferred into GIS  us ing ArchView.  Scaled 
photographs of  a l l  of  the condit ions  were a lso taken to  represent  the 
range of  sever i t y  of  each condit ion.  Us ing this  g lossar y  as  a  guide,  the 
condit ion of  each stone on the east  e levat ion was documented and 
recorded,  including construc t ion evidence,  a lterat ions,  and deter iorat ion 
condit ions.  Wherever  poss ible,  past  condit ions  were annotated us ing 
histor ic  photographs of  the e levat ion.
figure 1.07. capturing elevation photos for rectification. tiffani simple. 2009.
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laborator y  analys is  and per formance test ing
Af ter  the documentat ion was completed of  the e levat ion’s  condit ions, 
s tone,  mor tar  and previous  patching samples  were col lec ted for  fur ther 
analys is  and test ing at  the Univers i t y  of  Pennsylvania’s  Architec tural 
Conser vat ion Laborator y  (ACL) .  [Figure 1 .09]  Mater ia l  analys is  and 
physical  and mechanical  tests  were conduc ted including thin  sec t ion 
petrography,  scanning elec tron microscopy,  moisture  and soluble  sa l t 
ident i f icat ion,  c lay  ident i f icat ion us ing x-ray  di f f rac t ion,  gravimetr ic 
analys is ,  porosi t y/permeabi l i t y,  water  absorpt ion/desorpt ion,  and 
compress ion strength test ing.  [Figure 1 .10]
figure 1.08. conducting conditions survey. the northern echo. 2009.
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figure 1.10. performing sem analysis at the regional nanotechnology facility at the univer-
sity of pennsylvania with lolita rotkina and dr. charola. tiffani simple. 2010.
figure 1.09. cutting durham stone samples in the university of pennsylvania fabrication lab. 
tiffani simple. 2010.
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Fol lowing the in i t ia l  mater ia l  analys is  and physical  and mechanical 
test ing,  t reatments  were recommended for  appl icat ion and analys is  to 
determine the ef fec t iveness  of  these t reatments  in  reducing sur face 
deter iorat ion of  the sandstone.  Consol idat ion wi l l  a lso  be evaluated 
in  associat ion with i ts  compatibi l i t y  with composite  repair.  These 
t reatments  wi l l  then be appl ied in  s i tu  in  a  pi lot  test  area on the same 
east  façade of  the cour t yard and monitored for  their  ef fec t iveness. 
The ult imate goal  of  th is  thes is  i s  to  analyze the current  stone and 
propose addit ional  conser vat ion treatments  at  Durham Cast le  to 
maximize the retent ion of  or iginal  stone through both prevent ive  and 
remedial  t reatments  before  replacement  becomes necessar y.  I t  seeks 
to  ex tend,  not  replace,  the current  program of  stone replacement  and 
conser vat ion.
1  Brickstock, Richard. Durham Castle: Fortress, Palace, College. pp. 1.
2  Brickstock, Richard. Durham Castle: Fortress, Palace, College. pp. 6.
3  ICOMOS. Durham Cathedral and Castle Management Plan. pp. 10-12.
4  ICOMOS. Durham Cathedral and Castle Management Plan. pp. 22. 
5  Tucker, M.E., e-mail message to author, October 28, 2009.
6  Faber, Oscar. “The underpinning of Durham Castle”.
7 Brickstock, Richard. Durham Castle: Fortress, Palace, College. pp. 124. 
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Chapter  2  :  Br ief  H istor ica l  Background of  Durham Cast le 1 
co n s t r u c t i o n  e v o l u t i o n
I n  the ear ly  11th centur y,  the Normans invaded and conquered England 
replacing the Saxons as  the rul ing c lass.  These batt les  raged throughout 
the countr y,  inc luding the nor thern area surrounding Durham.  The 
new Norman k ing of  England,  Wi l l iam,  entrusted the region to  the Ear l 
of  Nor thumbria ;  however  rebel l ion cont inued and several  ear ls  were 
murdered within  three years.  Final ly  in  1069 K ing Wi l l iam traveled to 
the nor th himsel f  with  an army and placed another  ear l  in  control  of 
the area ,  Waltheof,  Ear l  of  Nor thumbria .  I n  order  to  keep future  ear ls 
safe  in  Durham,  Wi l l iam decided to  bui ld  a  for tress  in  1072,  i .e . ,  Durham 
Cast le. 2  
I n  1072 the construc t ion of  Durham Cast le  began under  the super vis ion 
of  Waltheof,  unt i l  he  was  murdered in  1075.  He was succeeded by Walcher, 
B ishop of  Durham who succeeded in  jo ining the posit ions  of  Ear ldom 
and Bishopr ic .  S ince then,  the cast le  has  become the pr imar y  res idence 
of  the Bishop of  Durham and i t  has  remained in  the hands of  success ive 
bishops for  approximately  750 years.  Each bishop made addit ions  and 
a l terat ions  to  the cast le  that  can be dated back to  Walcher ’s  in i t ia l 
decis ions.  [Figure 2 .01]
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Bishops who contr ibuted some of  the most  s igni f icant  a l terat ions  to 
Durham Cast le  are  Pudsey,  Bek ,  Hatf ie ld,  Langley,  Tunstal ,  Cosin  and 
Chandler.  B ishop Walcher,  who was the Bishop of  Durham from 1075 to 
1080,  oversaw the in i t ia l  construc t ion of  the for tress  begun by Waltheof 
including the wal l ,  keep and gatehouse.  He a lso added the Great  Hal l 
and the Norman Chapel ,  which is  one of  the cast le’s  most  int imate and 
s igni f icant  spaces.   When Bishop Flambard came into control  in  1099, 
he bui l t  a  st ronger  and higher  wal l  of  stone around the peninsula  that 
enclosed the cast le’s  inner  bai ley  and a lso reconstruc ted the G atehouse. 
figure 2.01. durham castle historic ground plan with construction dates. university of durham archives. 1908.
15
I n  addit ion to  his  reconstruc t ion ef for ts ,  Flambard erec ted the Nor th 
Hal l  of  the cast le.  The subsequent  Bishop Rufus  made no s igni f icant 
a l terat ions  to  the cast le. 
Af ter  the death of  B ishop Geoffrey  Rufus  in  1140,  Durham Cast le  was 
se ized by Wi l l iam Cumin and was taken f rom the pr ince -bishops for 
thi r teen years.  I n  1153,  i t  returned to  the pr ince -bishops but  much 
of  the area was  devastated f rom Cumin’s  re ign.  B ishop Hugh le  Puiset 
(Pudsey) ,  who ruled f rom 1153-1195,  restored much of  the damaged 
areas.  However  other  problems beset  the cast le  inc luding a  ser ious  f i re 
that  destroyed much of  the town and a lso damaged the cast le. 3 Pudsey 
had the damaged bui ldings  restored that  included a  s igni f icant  por t ion 
of  Flambard ’s  nor th range. 4 
Almost  a  centur y  later,  by  the late  13th centur y,  another  s igni f icant 
addit ion was made to  the inter ior  of  the cast le.  I n  1284,  B ishop 
Antony Bek added the Great  Hal l  ,  which has  cont inuously  been the 
main centra l  space of  the cast le  s ince i ts  construc t ion.  I n  1345,  B ishop 
Hatf ie ld  replaced Bishop Bek and had the Great  Hal l  ex tended adding 
large windows to  i t ,  seemingly  enlarging the space.  Hatf ie ld  a lso  rebui l t 
the keep.  I t  was  enlarged into an oc tagonal  shape and construc ted of 
stone replacing the former  t imber  struc ture  system. 5 Enlarging the 
keep required enlarging the mound so that  i t  i s  now adjacent  to  the 
Norman Chapel  and blocks  the windows on the east  s ide.  Hatf ie ld  a lso 
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reconstruc ted the roofs  f rom a  f latter  roof l ine to  i ts  current  higher 
pitched open t imber  roof. 6
Dur ing the re ign of  B ishop Thomas Langley f rom 1406 to  1437,  the last 
s igni f icant  addit ion to  strengthen the for tress,  the rebui lding of  the 
Nor th G ate,  was  completed.  Although the cast le  was  in i t ia l ly  bui l t  as 
a  for tress,  i ts  pr imar y  purpose was  to  ser ve as  a  home for  the pr ince -
bishops.  I n  1500,  B ishop R ichard Fox added the medieval  k i tchens, 
which are  st i l l  in  place adjacent  to  the Great  Hal l .  Fox a lso shor tened 
the Great  Hal l  dur ing his  t ime and added four  f loors  of  rooms at  the 
south end.  Af ter  B ishop Fox,  no  s igni f icant  a l terat ions  were made unt i l 
B ishop Cuthber t  Tunstal  in  1530.  Tunstal  had an addit ional  chapel , 
Tunstal ’s  Chapel ,  added.  Tunstal ’s  Chapel  was  bui l t  in  the nor th- east 
corner  of  the cour t yard with a  sta i r way that  gave access  to  the chapel 
f rom the cour t yard.  Tunstal  a lso  a l tered the G atehouse,  mak ing the 
entrance wider. 7
I n  1642,  the Civ i l  War  bet ween Crown and Par l iament  began and the 
cast le  suf fered f rom neglec t .  The Bishopr ic  was  abol ished and church 
land was sold of f.  Dur ing this  t ime,  the cast le  was  used as  a  hospita l 
to  house many suffer ing f rom dysenter y.  I n  1660,  when the Bishopr ic 
was  restored,  the cast le  returned into the hands of  the bishops.  B ishop 
John Cosin  was  the f i rst  b ishop af ter  the return f inding the cast le 
uninhabitable,  major  restorat ions  were conduc ted under  his  ru le.  These 
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are the most  ex tensive a l terat ions  to  date. 
B ishop Cosin’s  a l terat ions  accentuated the cast le’s  purpose as  a 
bishop’s  home rather  than as  a  for tress.  He demol ished the barbican 
and f i l led in  the dr y  moat ;  replacing them with a  dr iveway f lanked by 
gardens which are  now k nown as  the Fel lows’ and Master ’s  gardens.  The 
keep’s  mound was a lso landscaped with three terrace walks.  Cosin  a lso 
construc ted a  sta i r  tower  in  the nor th-west  corner  of  the cour t yard.  This 
sta i rcase is  k nown as  the Black  Sta i rs  because of  i ts  r ich ebony color. 
Also among Cosin’s  des ign decis ions  was  the addit ion of  a  porch at  the 
grand entrance of  the cast le  and the refurbishment  of  Tunstal ’s  Chapel . 
Because of  cont inuing stone deter iorat ion that  af fec ted i ts  st ruc tural 
stabi l i t y,  the bui lding in  the south-west  corner  of  the cour t yard was 
refaced.  Both the buttresses  a long the Hal l ’s  east  wal l  and the wal ls 
of  the keep mound were strengthened as  wel l . 8 I n  1672,  B ishop Cosin 
passed away before  his  a l terat ions  were completed.  The nex t  bishop, 
B ishop Crewe,  cont inued the a l terat ions  begun by Cosin  and he a lso 
began repair  work  on the keep in  1714. 9  This  was  cont inued by Bishop 
Thomas Thur low who had the upper  stor ies  of  the keep demol ished in 
1789. 
By  the middle  of  the 18th centur y,  B ishop Chandler  d id  some alterat ions, 
most ly  on the ex ter ior  of  Puiset ’s  Hal l .  The nor th wal l  was  par t ia l ly 
rebui l t  and the south wal l  needed substant ia l  repairs .  As  i t  was  leaning 
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out wards,  i t  needed to  be cut  back and refaced.  Large beams above 
the cei l ing and below the f loor  of  the Hal l  were a lso  placed to  stop any 
fur ther  movement  in  the wal ls . 
B ishop van M i lder t  (1826 to  1836)  was  the last  crowned pr ince -bishop 
of  Durham Cast le.  Dur ing his  t ime the controversy  over  the power  of  the 
church began and af ter  van M i lder t ’s  death the remaining powers  were 
passed to  the crown.  Durham Cast le  was  then transferred to  house the 
newly  establ ished Univers i t y  of  Durham and the keep was once again 
reconstruc ted in  1840.  Although i t  was  the third  t ime that  the keep 
was reconstruc ted,  i t  s t i l l  inc ludes  a  por t ion of  the or iginal  stonework . 
Dur ing the t ransit ion to  Univers i t y,  the cast le  hal l  was  a lso  a l tered to 
include the insta l lat ion of  sta ined glass  in  the nor th window of  the 
hal l .
To date,  the cast le  st i l l  reta ins  i ts  or iginal  Norman M otte  and Bai ley 
form.  I ts  or iginal  mi l i tar y  intent ions  are  repf lec ted in  i ts  posit ion on 
the nor thern por t ion of  the peninsula  in  Durham,  35 meters  above the 
R iver  Wear.  These are  a lso  emphasized in  the wal ls  surrounding the 
cast le,  the shape of  the cour t yard,  the gatehouse used to  enter  the 
cour t yard and the keep placed on a  mound over look ing the peninsula 
and outer  c i t y.  [Appendix  B  –  Cast le  Drawings]
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d e t e r i o ra t i o n 
Durham Cast le  s i ts  on layers  of  c lay,  shale  and broken f reestone. 10 This 
has  caused problems for  the cast le  struc ture  s ince i ts  or iginal  bui ld ing. 
From the ear l iest  recording in  the 12th centur y,  the Nor th Hal l  began 
to  subside and the nor th-west  tower  was  construc ted to  stop this 
movement  in  the 13th centur y. 11 Al though this  solut ion worked for  some 
t ime,  by  the mid-18th centur y  the nor th and south wal ls  shi f ted apar t , 
threatening to  col lapse the nor th range again .  As  previously  discussed, 
th is  was  a l tered in  B ishop Chandler ’s  t ime by cutt ing back and refacing 
the wal ls  as  wel l  as  inser t ing wooden beams. 
By  the ear ly  20th centur y,  the Nor th Hal l  was  once again in  poor 
condit ion and the wal ls  cont inued to  move out ward.  Metal  t ie -rods  were 
then inser ted into the struc ture  to  prevent  the outer  wal ls  f rom moving 
fur ther.  These struc tural  condit ions  cont inued to  worsen as  previous 
repairs  d id  not  address  the causes  but  rather  symptoms,  sometimes 
creat ing an even larger  problem.  I t  was  discovered in  the 1920s  that  the 
metal  t ie -rods  intended to  stop the south wal l  f rom s l ipping,  by  t y ing 
i t  to  the nor th wal l ,  fa i led.  I nstead of  mak ing the south wal l  s table, 
the south wal l  cont inued to  s l ip  and then began to  drag the nor th wal l 
with  i t . 12 Because of  the cont inuous deter iorat ion of  the cast le,  a  major 
restorat ion campaign was begun to  address  these struc tural  problems 
in  the 1930s. 
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Apar t  of  the struc tural  problems,  the most  impor tant  deter iorat ion 
problem associated with Durham Cast le  is  the eros ion of  i ts  stonework . 
[Figure 2 .02]  The cast le  is  construc ted in  ashlar  blocks  of  a  local 
sandstone.  This  sandstone is  readi ly  avai lable  and can be seen in 
numerous bui ldings  throughout  Durham as  wel l  as  in  the Cathedral . 
The weather ing of  the stone can be obser ved not  only  in  the cast le,  but 
in  other  bui ldings  as  wel l .  Therefore,  i t  appears  that  the deter iorat ion 
is  associated with the geo - chemical  nature  of  the stone,  regardless 
figure 2.02. east wall deterioration. university of durham archives. 1937.
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of  i ts  age or  locat ion.  The sandstone is  poor ly  indurated and erodes 
di f ferent ia l ly  over  t ime.  [Figures  2 .03-2 .05]  Although i t  i s  pr imar i ly  a 
sur face phenomenon,  given enough t ime,  the deter iorat ion wi l l  result 
in  large cavit y  losses  k nown as  a lveolar  eros ion.  This  appears  as  cavit ies 
of  var iable  shape and s ize  on the stone sur faces 13 leading to  a  s igni f icant 
amount  of  stone loss,  thus  increas ing the r isk  for  st ruc tural  instabi l i t y. 
figure 2.03. note the advanced deterioration of the portal columns. durham university 
class photo at east facade entrance. university of durham archives. 1904.
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figure 2.04. note the variations between figure 2.3 and 2.4 deterioration over a six-year time 
span. durham university hockey team photo at east facade entrance. university of durham 
archives. 1910.
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figure 2.05 note the variations between figure 2.3,2.4 and 2.5 deterioration over a fourteen-
year time span. durham university society photo at east facade entrance. university of 
durham archives. 1919.
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p a s t  t r e a t m e n t s
Because of  the long- l ived problem of  stone deter iorat ion at  the cast le, 
numerous repairs  and treatments  have been made over  t ime.  H istor ical ly, 
once the stone began to  erode,  the weather- eroded sur face was 
chiseled of f  to  obtain  a  f lat  sur face again . 14 This  method was eventual ly 
outdated by re - fac ing the eroded stonework and br inging i t  back out 
to  i ts  or iginal  face plane.   From the in i t ia l  construc t ion of  the cast le 
to  the ear ly  20th centur y,  repairs  and a l terat ions  were only  per formed 
when masonr y  had become struc tural ly  unstable  or  had deter iorated 
to  a  s igni f icant  ex tent .  Even then,  only  speci f ic  por t ions  were repaired. 
I t  was  not  unt i l  the ear ly  20th centur y  that  the cast le  was  in  such a 
ser ious  state  that  a  major  restorat ion campaign was implemented.
 
I n  1927,  Oscar  Faber,  a  consult ing engineer,  prepared  a  struc tural 
assessment  repor t  on the cast le  and cathedral  that  led to  one of  the most 
ambit ious  restorat ion projec ts  in  England before  the Second World War. 
Faber  stated in  his  Repor t  on the Condit ion of  the Fabr ic  that  the cast le 
was  “in  a  h ighly  precar ious  condit ion and any delay  in  deal ing with 
i t  may result  in  total  or  par t ia l  col lapse”. 15 Soon thereaf ter  a  funding 
campaign was star ted to  f inance the restorat ion.  [Figure 2 .06]
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figure 2.06. appeal for £150,000 for restoration of the castle, labelled at head durham castle 
preservation fund. university of durham archives. 1929.
To address  the struc tural  problems that  had long occurred on the 
south wal l  and then more recent ly  on the nor th wal l ,  Faber  suggested 
underpinning the bui ld ing with br ick  and concrete ;  thus  reducing the 
pressure  on the t wo wal ls . 16 The west  range a lso needed stabi l iz ing 
f rom the pressure  of  the bui lding on the bedrock ,  s ince i t  had caused 
the west  wal l  to  star t  to  move out wards  and downwards. 17 To remedy 
this ,  Faber  had the wal ls  st rengthened by dr i l l ing holes  through them 
and inser t ing cement .  Steel  t ie -rods  were then inser ted to  anchor  the 
western reta ining wal l  and the west  wal l  to  blocks  of  concrete  under 
the cour t yard. 18 [Figures  2 .07]
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Since the ex ter ior  stonework was  so badly  eroded,  much of  the stonework 
required patching or  fu l l  replacement .  Synthet ic  stone treatments,  i .e . , 
mor tar  “plast ic ” repairs ,  were per formed across  the ent i re  façade where 
necessar y.   [Figure 2 .08-2 .09]  Dur ing this  restorat ion campaign,  cement-
based mor tar  was  of ten used for  patching a long with other  t reatments. 
Although the patchwork of  mor tar  repairs  stands out  against  the less 
eroded stone,  i t  does  not  appear  to  be increas ing the eros ion of  the 
stonework .  Along with the stonework ,  there  was  a lso  a  s igni f icant 
amount  of  mor tar  loss.  This  required the repoint ing of  a l l  the facades 
fac ing the cour t yard.   [Figure 2 .10]  To replace the l ime mor tar,  a  harder, 
figure 2.07. the insertion of tie-bars into the facade during the restoration campaign. university of durham 
archives. 1936.
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figure 2.08. synthetic stone treatment during 
the restoration campaign. university of 
durham archives. 1936.
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figure 2.09. synthetic stone treatment during the restoration campaign. university of durham archives. 1936.
figure 2.10. removing mortar for repointing during the restoration campaign. university of 
durham archives. 1936.
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denser  cementit ious  mor tar  with large aggregate was  used.  This  mor tar 
i s  s t i l l  in  place today and is  rarely  miss ing except  in  places  where i t  has 
been chiseled out  to  replace stonework . 
H istor ical ly,  i f  the stone was s igni f icant ly  eroded,  the decis ion was 
made to  completely  replace i t  with  a  s imi lar  stone.  This  method is 
st i l l  the predominant  one today due to  the avai labi l i t y  of  local  stone 
and of  t radit ional  sk i l led labor  force.   For  the past  f i f t y  years  B lack 
Pasture  Sandstone and Dunhouse Stone have been used for  repairs  and 
restorat ion at  Durham. 19 B lack  Pasture  Stone is  obtained f rom quarr ies 
located near  Chol ler ford,  Nor thumberland 20 and Dunhouse Stone is 
quarr ied near  Dar l ington. 21 These t wo sandstones  are  f rom the same 
region as  the sandstone that  had been used in  Durham Cast le  s ince 
i ts  construc t ion.  They are  ver y  s imi lar  in  composit ion and therefore 
work  wel l  for  replacement .  Although when insta l led i t  has  a  s imi lar 
appearance to  the patching,  the replaced stone weathers  quick ly  and 
soon looks  much l ike  the rest  of  the stonework in  color. 
Faber  in  addit ion commented on the damaged roof  systems of  the cast le 
that  have a lso been a  cont inuous problem.  Fol lowing repairs  to  the 
roof  in  the 1930s,  addit ional  restorat ion work  was  needed in  the 1990s 
to  address  dr y  rot  of  the t imbers  and leak age in  the roof  space. 22  Much 
of  the roof  has  t radit ional ly  been covered in  metal ,  usual ly  lead,  and 
ex ternal  fa i lure  and internal  condensat ion have led to  a  lot  of  the decay 
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in  the suppor t ing t imber  struc ture  requir ing cont inuous inspec t ions  and 
repair. 23 The last  large restorat ion projec t  f rom 2004 to  2006,  inc luded 
the repair  and replacement  of  most  of  the cast le’s  roofs. 24  
Current ly,  replacement  of  the deter iorated stone is  the only  masonr y 
conser vat ion ef for t  in  ef fec t  at  the cast le.  Stone masons work  speci f ica l ly 
at  Durham Cast le  to  prepare stone for  replacement .  Whi le  this  method 
has  been the standard approach for  conser vat ion at  the cast le  for 
hundreds of  years,  recurr ing replacement  wi l l  eventual ly  lead to  near ly 
wholesale  replacement  of  or iginal  fabr ic .  Analyz ing and developing 
other  conser vat ion methods is  not  only  benef ic ia l  to  the conser vat ion 
of  Durham Cast le  but  imperat ive  for  the environment  as  wel l . 
1    General  Note :  The information in  this  sec t ion is  based pr imar i ly  upon 
R ichard Br ickstock ’s  book Durham Cast le :  For tress,  Palace,  Col lege.
2     Br ickstock ,  R ichard.  Durham Cast le :  For tress,  Palace,  Col lege.  p.  14 .
3     Br ickstock ,  R ichard.  Durham Cast le :  For tress,  Palace,  Col lege.  p.  19 .
4     Br ickstock ,  R ichard.  Durham Cast le :  For tress,  Palace,  Col lege.  p.  20 . 
5     Br ickstock ,  R ichard.  Durham Cast le :  For tress,  Palace,  Col lege.  p.  25 .
6     Br ickstock ,  R ichard.  Durham Cast le :  For tress,  Palace,  Col lege.  p.  25 . 
7     Br ickstock ,  R ichard.  Durham Cast le :  For tress,  Palace,  Col lege.  p.  35 .
8     Br ickstock ,  R ichard.  Durham Cast le :  For tress,  Palace,  Col lege.  p.  38
9    Br ickstock ,  R ichard.  Durham Cast le :  For tress,  Palace,  Col lege.  p.  38 
10  Br ickstock ,  R ichard.  Durham Cast le :  For tress,  Palace,  Col lege.  p.123.  
11   Br ickstock ,  R ichard.  Durham Cast le :  For tress,  Palace,  Col lege.  p.  124.
12  Br ickstock ,  R ichard.  Durham Cast le :  For tress,  Palace,  Col lege.  p.  124. 
13  ISCS Stone Glossar y.
14  Warren,  John.  Durham Cast le.  Conser vat ion Plan 2005.  p.  27 . 
15   Br ickstock ,  R ichard.  Durham Cast le :  For tress,  Palace,  Col lege.  p.  124. 
16   Br ickstock ,  R ichard.  Durham Cast le :  For tress,  Palace,  Col lege.  p.  124.
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17   Br ickstock ,  R ichard.  Durham Cast le :  For tress,  Palace,  Col lege.  p.  127. 
18    Br ickstock ,  R ichard.  Durham Cast le :  For tress,  Palace,  Col lege.  p.  127.
19  Ashurst ,  John and Francis  G.  Dimes,  eds.  Conser vat ion of  Bui ld ing and 
Decorat ive  Stone.  Volume 2 .  p.  70 .
20  Ashurst ,  John and Francis  G.  Dimes,  eds.  Conser vat ion of  Bui ld ing and 
Decorat ive  Stone.  Volume 2 .  p.  66 .
21  Ashurst ,  John and Francis  G.  Dimes,  eds.  Conser vat ion of  Bui ld ing and 
Decorat ive  Stone.  Volume 2 .  p.  70 .
22  Br ickstock ,  R ichard.  Durham Cast le :  For tress,  Palace,  Col lege.  p.  128.
23  Warren,  John.  Durham Cast le.  Conser vat ion Plan 2005.  p.  27 . 
24   Br ickstock ,  R ichard.  Durham Cast le :  For tress,  Palace,  Col lege.  p.  129.
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Chapter  3  :  A lveolar  Eros ion 
d e f i n i t i o n ,  a p p e a ra n c e,  w h e r e  i t  o c c u r s
Alveolar  eros ion,  the formation of  cavit ies  of  var iable  shapes  and 
s izes  on the stone sur face,  i s  a  condit ion that  occurs  f requently  in  the 
sandstone of  Durham Cast le.  I t  has  a lso  been referred to  as  honeycomb 
weather ing,  tafoni ,  s tone latt ice, 1 and cavernous weather ing. 2 This 
t ype of  weather ing has  a  ver y  dist inc t ive  pattern.  Star t ing as  a  sur face 
phenomenon,  once a  suf f ic ient  amount  of  stone has  weathered,  i .e . , 
both regarding sur face ex tent  and depth within  the a lveolus,  i t  begins  to 
have struc tural  impl icat ions.  Although the eros ion patterns  are  v isual ly 
apparent ,  the sur face appearance does  not  give enough information to 
expla in  the changes that  occur  in  the stone dur ing this  weather ing. 3 
A l though this  phenomenon was a l ready descr ibed in  the l i terature  f rom 
the 1920s,  the discuss ions  on the causes  of  this  weather ing cont inue, 
and there  are  mult iple  fac tors  involved in  i t . 
A lveolar  eros ion is  found in  var ious  rock t ypes,  Mustoe l i s ted several 
occurrences  referenced by other  invest igators  and found that  most 
inc idents  occur  in  homogeneous rocks  such as  sandstone,  l imestone 
and granite. 4 I t  has  been found in  sandstone in  southern France,  Spain , 
I ta ly,  Austra l ia ,  New South Wales,  New Zealand,  New Mexico,  Colorado, 
Ark ansas  and Wisconsin .  I n  l imestones  i t  has  been repor ted in  France, 
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Egypt ,  and Morocco,  whi le  in  granite  and other  rock t ypes,  i t  has  been 
found in  Anar tc t ica ,  Cal i fornia ,  Hawai i ,  Western Austra l ia ,  Fin land 
and the Alps.  M any occurrences  of  a lveolar  eros ion have been found 
in  coastal  areas  and canyons a l though i t  develops  in  var ious  other 
locat ions  across  the world. 5  
I t  i s  k nown that  in  areas  where a lveolar  eros ion begins,  the rock sur face 
has  a  lower  strength. 6 M otterhead,  us ing a  strength measur ing machine 
k nown as  a  Cone I ntender,  found that  the strength of  honeycombed 
sandstone could be reduced to  77% of  the strength of  the un-weathered 
por t ions  of  stone. 7 Many studies  have been made to  ident i fy  the fac tors 
that  lead to  a lveolar  eros ion and to  determine why cer ta in  por t ions  of 
stone weather  preferent ia l ly  over  others.  This  has  resulted in  var ious 
hypotheses.  Because of  the var iet y  in  occurrences  of  th is  deter iorat ion 
pattern,  i .e . ,  t ype of  rock ,  locat ion and environment ,  i t  may be assumed 
that  not  necessar i ly  the same agents  are  the cause.  Speci f ic  causat ive 
agents  have been ident i f ied in  the many case studies  examined,  yet 
each s i te  is  d i f ferent  depending upon the fac tors  involved at  that  s i te. 
 
p o s s i b l e  ca u s e s / i n f l u e n ce s  –  wa t e r,  w i n d,  s a l t s ,  c l a y s
Alveol izat ion has  been k nown to result  f rom a  combinat ion of  both 
physical  and chemical  weather ing.  However,  i t  appears  to  be more 
of  a  physical  phenomenon than a  chemical  one. 8,9  G .E .  Mustoe in 
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T h e  O r i g i n  o f  H o n e y co m b  We a t h e r i n g  s tated that  a l though the or igin 
remains  a  controversy,  microscopic  examinat ion of  the weathered 
sur faces  shows that  a lveolar  eros ion results  f rom the disaggregat ion of 
mineral  gra ins  rather  than f rom chemical  decomposit ion. 10 E .M.  Wink ler 
a lso  ack nowledged that  a lveolar  eros ion evolved f rom mechanical 
d isaggregat ion with a  combinat ion of  sur face hardening. 11
Mustoe concluded f rom his  research that  in  most  cases,  wel l - developed 
cavit ies  tend to  form along bedding,  jo int  planes,  or  other  areas  of 
composit ional  weak ness. 12 The speci f ic  cause of  a lveolar  eros ion is 
debated but  several  ex ternal  agents  have been suggested such as  wind 
eros ion,  sa l t  weather ing,  f rost  shatter ing,  and exfol iat ion. 13 Whi le  these 
explanat ions  of  the cause of  a lveolar  eros ion have been postulated,  i t 
i s  the combinat ion of  several  fac tors  ac t ing together  that  result  in  the 
phenomenon. 14  
I n  a  study conduc ted by Charola  at  Cerro Colorado,  Argent ina,  stone 
deter iorat ion patterns  were attr ibuted to  the internal  st ruc ture  of  the 
stone. 15 Through obser vat ion and SEM analys is ,  i t  was  determined that 
the porosit y  di f ferences  in  the stone were causing redeposit ion of  the 
binding mater ia l  result ing in  strengthening and weakening par ts  of  the 
stone,  in  response to  water  and wind weather ing. 16   
Sa l t  weather ing is  one of  the most  prominent  explanat ions  of  a lveolar 
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erosion.  This  was  f i rst  expressed by Hume who concluded that 
a lveol izat ion resulted f rom the physical  ac t ion of  sa l t  cr ysta l l izat ion. 17 
Wink ler  found that  this  was  of ten control led by the presence of  sa l ts 
and by the fabr ic  and struc ture  of  the stone. 18 The presence of  sa l ts 
i s  not  required for  a lveolar  eros ion to  form;  however  they have been 
k nown to accelerate  the process. 19 Young stated that  in  coastal  and 
ar id  environments,  sa l t  cr ysta l l izat ion is  a  prominent  mechanism in  the 
formation of  a lveolar  eros ion and in  more humid environments,  the 
hydrat ion of  c lays  ac ts  as  an a l ternat ive  mechanism for  forc ing apar t 
gra ins  within  the rock and thus  causing cavernous weather ing. 20 
Young’s  study of  the cavernous formations  in  coastal  locat ions  of 
Austra l ia ,  per ta ining to  sa l t  as  an agent  in  the development  of  such 
weather ing,  d iscusses  sa l t  cr ysta l l izat ion forces  and i ts  d is integrat ion 
of  rock .  Af ter  examining sal ts  in  study areas,  Young found that  sa l t 
cr ysta ls  were not  inf i l l ing voids  as  suspec ted,  but  that  they were 
scattered in  samples,  therefore  enhancing the dissolut ion of  s i l ica  but 
not  forc ing apar t  gra ins  by exer t ion. 21 As  these grain-to - grain  quar tz 
contac ts  and cementing c lays  are  dissolved in  the stone,  the weather ing 
proceeds.  These grains  are  then lef t  separated and the voids  become 
widened by dissolut ion of  s i l ica . 22 Young found that  soluble  sa l ts  in 
water  percolat ing through quar tzose sandstone deeply  inf luence the 
promotion of  granular  d is integrat ion.  The sa l ts  do not  force apar t  gra ins 
by cr ysta l l izat ion,  rather,  they increase the rate  of  s i l ica  solut ion of  the 
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quar tz  gra ins  and thus  promote weather ing. 23
Stone containing c lays  has  a lso  been noted as  being more suscept ible 
to  a lveolar  eros ion.  Cavernous forms in  over  20 locat ions  across  Finland 
were studied by Kejonen and co -workers  and found to  contain  c lays 
such as  i l l i te,  k aol in i te  and vermicul i te  as  wel l  as  mixed- layer  c lay 
minerals . 24 These formations  developed in  a  var iet y  of  rock  t ypes 
including gneisses,  granitoids,  amphibol i tes  and breccias. 25 Weather ing 
processes  responsible  for  a lveolar  eros ion in  Finland were f lak ing and 
granular  dis integrat ion.  Granular  dis integrat ion is  a  physico - chemical 
weather ing that  attacks  the weak par ts  of  the rock generat ing c lays. 
These,  through their  expansion- contrac t ion c ycl ing,  forces  apar t  the 
stone grains  increasing the voids  within i t .  Typical  granular  dis integrat ion 
weather ing resulted in  a lveolar  eros ion as  found in  var ious  locat ions 
across  Finland. 26 
f o r m a t i o n  o f  t h i n  wa l l s  –  va r i a t i o n  i n  s t r o n g / w e a k  a r e a s,  i n t e r n a l  s t o n e 
s t r u c t u r e
While  there  are  explanat ions  of  the weather ing of  the stone leading 
to  a lveolar  eros ion,  these do not  expla in  the formation of  the thin 
wal ls  that  remain bet ween the cavit ies.  Ear ly  invest igat ions  suggested 
that  ions  re leased by weather ing within  the cavit ies  precipitated on 
surrounded sur faces,  causing the wal ls  to  become strengthened.  This 
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hypothesis  was  referred to  as  “case hardening”. 27 O ther  explanat ions  for 
the hardened wal ls  i s  the dissolut ion of  i ron minerals 28,  s tone porosit y 
causing preferent ia l  redeposit ion of  the binding mater ia l 29,  and the 
deposit ion of  s i l ica  beneath the stone sur face forming a  hard layer 30.
Mustoe concluded f rom his  case study of  Chuck anut  formations  a long 
the Puget  Sound that  hardened layers  resulted f rom the dissolut ion 
of  i ron minerals .  He found that  where the hardened layers  were wel l -
developed a  dissolut ion of  i ron minerals  occurred within  the arkose. 
The durabi l i t y  of  the rock in  these hardened layers  resulted f rom the 
redistr ibut ion of  i ron and a luminum content ,  however  not  f rom a  high 
degree of  accumulat ion. 31 Charola  and co -workers  found that  the hard 
areas  of  a lveolar  eros ion were formed where the less  soluble  mater ia l , 
s i l ica  or  i ron oxides  were deposited and the weak areas  were a  result  of 
the binding mater ia l  d issolv ing or  where soluble  sa l ts  were enr iched. 32  
p r o c e s s  o f  f o r m a t i o n
Wink ler  d iscussed the agents  involved in  the formation of  a lveolar 
eros ion and suggested the fol lowing hypothesis .  Fi rst ,  some stone 
porosit y  is  essent ia l  to  a l low moisture  to  t ravel  through the stone. 
Second,  d issolved calc i te  and s i l ica ,  f rom the calc i t ic  b inder  and quar tz 
and fe ldspars,  respec t ively,  in  the sandstone move to  the stone sur face. 
The deposit ion of  i r regular  layers  of  s i l ica  beneath the stone sur face 
38
can form a  hard layer  whi le  the calc i te,  goes  into solut ion moving 
into the porous sandstone and to  the stone sur face.  The uneven 
redeposit ion near  the sur face is  what  results  in  an uneven weathered 
sur face,  developing into honeycombs.  Third,  water-soluble  sa l ts  cause 
mechanical  d isaggregat ion in  protec ted areas.  Final ly,  the introduc t ion 
of  ca lc i te  or  gypsum from mor tar,  cement  or  concrete  into porous 
sandstone provides  mater ia l  for  a  par t ia l  shie ld. 33  Therefore,  cavit ies 
begin to  form by the dissolut ion and di f ferent ia l  uneven case hardening 
in  porous rocks.  Smal l  cavit ies  then star t  to  form along thinly  hardened 
par ts  of  the shie ld  and the presence of  sa l ts  enhances  the crumbl ing 
ins ide of  the cavit ies. 34  
For  the Cerro Colorado,  Córdoba,  Argentina case study,  Charola  concluded 
that  a lveolar  eros ion resulted f rom a  combinat ion of  a  redistr ibut ion of 
the binding mater ia l  within  the stone forming a l ternat ing indurated 
and weakened zones,  s t rong winds producing rapid evaporat ion and 
the presence of  fa i r ly  soluble  sa l ts . 35 
Pauly  was  one of  the f i rst  to  invest igate  a lveolar  eros ion and condit ions 
required for  i ts  formation and evolut ion.  Pauly  studied the mater ia l  and 
chemical  composit ion of  stones  f rom seven di f ferent  s i tes  in  France a l l 
of  which showed alveolar  deter iorat ion.  From his  laborator y  analys is 
Pauly  found a lveolar  eros ion is  based pr imar i ly  upon hygroscopic 
sa l ts  and var iat ions  of  moisture  t ranspor t  that  i s  af fec ted by ra in  and 
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wind. 36 I n  Pauly ’s  laborator y  s imulat ions,  cavit ies  formed di f ferent ly 
depending upon hygrometr ical  condit ions.  Pauly  concluded that 
a lveolar  deter iorat ion is  due to  the ac t ion of  soluble  and hygroscopic 
sa l ts  that  are  capable  of  interac t ing quick ly  with changes of  re lat ive 
humidit y. 37  
Pauly  concluded that  the contex t  of  the bui lding has  just  as  much af fec t 
on the process  of  a lveolar  eros ion as  the proper t ies  of  the stone i tse l f. 
So whi le  soluble  sa l ts  p lay  a  large role  in  the formation of  a lveolar 
eros ion,  the more hygroscopic  sa l ts  p lay  an even more s igni f icant  role 
as  they are  enabl ing fac tors  of  deter iorat ion in  conjunc t ion with wind, 
ra in ,  and re lat ive  humidit y. 38    
ra t e  o f  f o r m a t i o n
The t ime required for  the formation of  a lveolar  eros ion has  not  been 
determined.  A  rate  of  development  was  discussed by Tsuguo Sunamura 
who compared a lveolar  eros ion development  to  an exponentia l  growth 
rate  and not  a  l inear  one as  f i rst  expec ted. 39 I t  was  in i t ia l ly  thought  that 
as  cavit ies  begin to  form,  they wi l l  cont inue to  erode at  the same rate 
becoming larger  and deeper.  However,  once a lveolar  eros ion begins 
to  form,  i t  wi l l  cont inue at  a  faster  rate.  At  f i rst ,  a  cer ta in  amount  of 
t ime is  required for  the rock sur face to  deter iorate  and to  weaken pr ior 
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to  a lveolar  eros ion in i t iat ion. 40 Then once a lveolar  eros ion has  begun 
forming and cavit ies  increase,  they wi l l  form at  an exponentia l  growth 
rate.
At  Durham Cast le,  archival  photographs provide an approximate rate 
of  formation of  a lveolar  eros ion.  The f i rst  c lass  photo f rom 1898 shows 
some deter iorat ion of  the stonework ,  before  cavit ies  began to  form 
in  most  the stone blocks  and only  s l ight  indentat ions  as  are  seen on 
other  blocks.  [Figure 3 .01]  Only  5  years  later,  the c lass  photo f rom 1903, 
figure 3.01. university of durham class photo. university of durham archives. 1898.
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the stone has  cavit ies  formed in  several  b locks  and s igni f icant ly  larger 
cavit ies  in  other  stones.  [Figure 3 .02]  Although these photos  do not 
show the rate  of  stone weather ing before  a lveolar  eros ion begins  to 
emerge,  i t  shows an increase in  the deter iorat ion rate  that  suggests 
a  conf i rmat ion of  Sunamura´s  exponentia l  hypothesis ,  s ince af ter  the 
cavit ies  began to  form i t  only  took 5  years  to  show a  s igni f icant  increase 
in  deter iorat ion. 
figure 3.02. university of durham class photo. university of durham archives. 1903.
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Chapter  4  :  Pathology
s i t e  d e s c r i p t i o n
Durham Cast le  s i ts  on the nor thern edge of  the Durham peninsula , 
surrounded by the R iver  Wear  which is  one of  three main r ivers  that 
pass  through the c i t y.  [Figure 4 .01]  Durham Cast le  was  bui l t  on a  load of 
g lac ia l  dr i f t  up to  5m thick  layered on sof t  shales  and sandstones  with 
thick  seams of  coal  scattered throughout . 1 [Figures  4 .02-4 .03]  These 
figure 4.01. durham aerial view. google earth. 2009.
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Carboniferous  rocks  that  have provided the foundat ion for  the Cast le 
have proved to  be weak and had to  be underpinned in  the restorat ion 
campaign of  the 1930s.  Concrete  tunnels  and t ies  were dr iven into the 
bedrock to  stabi l ize  the cast le  as  wel l  as  the ent i re  Wear  bank that 
suppor ts  i t . 2
figure 4.02. geological map of great britain. http://www.soton.
ac.uk/~imw/Geology-Britain.htm 2008.
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figure 4.03. geological map of durham county. http://www.
soton.ac.uk/~imw/Geology-Britain.htm 2008.
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Durham’s  locat ion in  nor theast  England and i ts  proximit y  to  the Nor th 
Sea,  exposes  i t  to  colder  temperatures  than the southern and western 
par ts  of  the United K ingdom.  Durham has  a  temperate  c l imate l ike  most 
of  the United K ingdom with i ts  coldest  temperatures  in  Januar y  and 
i t ’s  warmest  in  July.  According to  the latest  Census  f rom 1971-2000, 
temperatures  range f rom 0.6ºC to  19.8ºC with a  maximum average of 
12 .5ºC and a  minimum average of  5 .2ºC. 3 [ Table  4 .01]
Durham encounters  approximately  645 mm of  ra in  each year 4,  which 
s igni f icant ly  af fec ts  the stone condit ions  obser ved at  the Cast le.  With 
the high amount  of  ra in  and cooler  temperatures,  Durham is  at  r isk  of 
many f reeze/thaw c ycles ;  some 29 per  year. 5 Freeze/thaw c ycles  occur 
when the stones  are  wet  and when the a i r  temperature  drops below 
freezing and then returns  above f reezing without  t ime for  the moisture 
to  evaporate.  Freeze/thaw c ycl ing has  adverse  ef fec ts  on bui ldings 
especia l ly  when a  high amount  of  precipitat ion is  involved and when 
the stone is  suscept ible  to  moisture -re lated decay.
The wind speed and direc t ion may a lso have an ef fec t  on the weather ing 
patterns  at  Durham.  On average,  the annual  wind speed at  Durham is 
7 .5  mph with a  prevai l ing direc t ion that  ranges  bet ween the south and 
southwest . 6 However,  whir lwinds  may develop within  the cour t yard.
48
Max 
Temp Min Temp
Days of 
Air Frost
Days of Ground 
Frost Sunshine Rainfall
Days of 
Raingall 
≥  1mm
Wind at 
10m
Month [°C] [°C] [days] [days] [hours] [mm] [days] [knots]
Jan 6.2 0.6 12.3 21.8 55.2 56.2 12 8.3
Feb 6.7 0.8 10.6 17.8 70.9 38.8 9.2 7.4
Mar 9 2.1 6.9 16 106.6 51.1 10.5 7.3
Apr 11.2 3.3 4.3 11.5 134.4 52 9.7 6
May 14.5 5.7 0.9 5.5 174.8 49.5 9.3 5.1
Jun 17.2 8.5 0.1 1 160.8 54.8 9.9 5.1
Jul 19.8 10.7 0 0 168 44.5 8.4 4.9
Aug 19.6 10.6 0 0 167.4 61.3 9.2 5
Sep 16.7 8.6 0 1.8 126.3 57.5 9.4 5.9
Oct 13 6 1.7 6.3 97 56.9 10.9 6.3
Nov 9 3.1 5.8 13.8 66.6 61.5 11.4 7.2
Dec 7 1.5 9.4 18.5 46.5 59.2 11.4 7.7
Year 12.5 5.2 52 114 1374.6 643.3 121.3 6.3
Durham (102 m AMSL)
Table 4.01. Durham climate data. 
http://www.Metoffice.Gov.Uk. 2000.
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e x i s t i n g  s i t e  co n d i t i o n s  a n d  a n a l y s i s
A condit ions  sur vey was conduc ted on a  representat ive  e levat ion of  the 
cour t yard of  Durham Cast le  dur ing the summer of  2009.  Based upon 
the ICOMOS ISC Stone Condit ion Glossar y,  a l l  of  the condit ions  were 
def ined and recorded us ing AutoCAD and ArcGIS  with a  total  of  26 
di f ferent  condit ions  ident i f ied on the Cast le.  [Appendix  C  + D]  These 
var ious  condit ions  include repairs ,  a l terat ions  and deter iorat ion.  The 
26 condit ions  are :
Total  repair  i s  the complete  replacement  of  a  stone unit .  When stone 
has  deter iorated to  a  cer ta in  ex tent ,  the unit  i s  removed and replaced 
with a  new sandstone ashlar  block .  Total  repair  occurs  ex tensively  at 
Durham Cast le  and is  current ly  the most  used method of  repair.  From 
the e levat ion sur veyed,34% is  total  repair.  [Appendix  C .01,  D.01]
Par t ia l  repair  i s  the par t ia l  replacement  of  stone in  k ind ( i .e .  Dutchmen) . 
This  repair  method occurs  when a  por t ion of  the stone has  deter iorated 
and only  a  segment  of  the unit  needs to  be replaced.  Par t ia l  repair 
i s  not  as  f requent  at  Durham,  but  st i l l  has  occurred in  speci f ic  areas. 
[Appendix  C .02,  D.02]
Patching refers  to  stone sur face replacement  with mor tar.  Patching 
appears  to  have been conduc ted on stone that  displays  sur face loss  and 
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i s  associated a lmost  exclus ively  with the 1930s  restorat ion campaign. 
The stone is  cut  back to  reach sol id  sur face and then inf i l led with mor tar, 
instead of  refac ing i t  or  replacing the ent i re  stone.  S ince a lveol izat ion 
and other  sur face deter iorat ion problems occur  ex tensively  at  Durham 
Cast le,  patching is  of ten the f i rst  means of  repair  before  an ent i re 
stone is  replaced.  I t  i s  therefore  seen across  the ent i re  e levat ion and 
approximately  45% is  patching repair.  [Appendix  C .03,  D.03]  Total  repair 
(par t ia l  and complete)  recorded of  the studied e levat ion suggests  that 
that  only  21% of  the or iginal  stone sur face remains.
Metal l ic  e lements  noted on the e levat ion include a l l  i ron and copper 
a l loy  inser t ions  that  are  embedded into the masonr y  wal l .  Metal l ic 
e lements  are  present  on the e levat ion towards  the bottom of  the wal l 
to  secure wires  that  were run on the ex ter ior  of  the bui lding and for 
other  methods of  suppor t  and fastening.  [Appendix  C .04,  D.04]  These 
can cause associated condit ions  such as  crack ing and dis f igur ing sta ins 
due to  corros ion.
Alveol izat ion is  the formation of  cavit ies  of  var iable  shapes  and s izes  on 
the stone sur face.  Alveol izat ion is  one of  the most  ser ious  condit ions 
obser ved on the struc ture  and was noted on approximately  4% of  the 
e levat ion.  [Appendix  C .05,  D.05]  Presumably  the presence of  excess ive 
a lveol izat ion was addressed by par t ia l  and total  repair  some t ime in  the 
past . 
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Crack ing was noted in  both minor  and major  categor ies.  M inor  crack ing 
refers  to  f rac tures  var y ing in  or ientat ion and depth,  and less  than 1/8” 
in  width.  M inor  crack ing is  usual ly  seen in  isolated cases  a long the 
bedding mor tar  and stone inter face and then of ten ex tending through 
stone in  speci f ic  sec t ions.  Major  crack ing refers  to  f rac tures  that  are 
greater  than 1/8” in  width and usual ly  have struc tural  impl icat ions. 
Major  crack ing does  not  occur  as  f requently  as  minor  crack ing,  and 
is  obser ved on buttresses  and other  locat ions  with high struc tural 
loading.  [Appendix  C .06,  D.06 + C.07,  D.07]
Peel ing is  the thin  uni form delaminat ion of  tooled and patched sur faces. 
Peel ing can be par t ia l  where a  por t ion of  sur face st i l l  remains  attached 
(Detached Peel ing)  or  i t  can result  in  a  total  loss  stone sur face (Gone 
Peel ing) .  Peel ing is  seen in  Durham Cast le  in  many places  where total 
repair  has  occurred,  most ly  on windows across  the façade suggest ing 
the condit ion is  associated with the replacement  stone.   Approximately 
1% of  the sur face displays  Detached Peel ing and 2% Gone Peel ing. 
[Appendix  C .08,  D.08 + C.09,  D.09]
Fr iabi l i t y  i s  the disaggregat ion of  stone sur face usual ly  in  associat ion 
with moderate  and major  loss.  Fr iabi l i t y  general ly  begins  at  the stone 
sur face cont inuing to  var ious  depths  and results  in  smoothed sur faces 
or  those that  appear  sugar y  or  powder y.  25% [Appendix  C .10,  D.10]
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Vis ible  Detachment  is  the physical  separat ion of  the stone into layers 
of ten accompanied by par t ia l  loss.  Vis ible  detachment  is  obser ved 
on approximately  12% of  the e levat ion.  B l ind Detachment  is  not 
v is ible  but  can be detec ted by tapping the stone to  determine voids 
or  d iscont inuit ies  beneath the sur face.  B l ind detachment  covers  1%. 
[Appendix  C .11,  D.11 + C.12,  D.12]
L inear  Eros ion appears  as  a  str iated loss  of  stone sur face and is  re lated 
to  the sedimentar y  bedding and the or ientat ion of  the sandstone units 
where the bedding is  perpendicular  to  the sur face ( i .e .  natural  bedded) . 
L inear  eros ion can sometimes create  cavit ies  s imi lar  to  a lveolar  eros ion 
a long the beds and other  t imes loss  appear ing in  str iat ions.  L inear 
Eros ion covers  12% of  the e levat ion [Appendix  C .13,  D.13]
Moderate  and Major  Loss  occur  in  stone by var ious  mechanisms. 
Moderate  loss  refers  to  sur face loss  of  less  than ½” in  depth and major 
loss  refers  to  sur face loss  of  more than ½” in  depth.  Loss  is  usual ly 
obser ved in  conjunc t ion with other  condit ions  that  have caused the 
stone to  deter iorate.  Moderate  loss  is  obser ved on approximately  4% 
of  the e levat ion and major  loss  occurs  on 1%.  [Appendix  C .14,  D.14 + 
C.15,  D.15]
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Contour  scal ing is  the detachment  of  stone in  stacked layers  resembl ing 
topography,  of ten in  associat ion with v is ible  and bl ind detachment  and 
is  associated with face -bedding insta l lat ion of  the stone (paral le l  to 
the sur face) .  [Appendix  A.16,  B.16]
Flak ing is  another  form of  detachment  that  results  in  smal l ,  th in  f lat 
or  cur ved scales  on the sur face.  Flak ing occurs  of ten across  the top of 
the e levat ion and a lso in  the buttress  stone.  This  form of  detachment 
occurs  on 1% of  the stone evaluated.  [Appendix  C .17,  D.17]
Displacement  is  the movement  of  a  stone unit  f rom i ts  or iginal  posit ion. 
Displacement  refers  to  any movement  out  of  p lane or  a l ignment . 
[Appendix  C .18,  D.18]
Ef f lorescence corresponds to  the formation of  whit ish ,  powder y  cr ysta ls 
of  soluble  sa l ts  on the stone sur face.  Ef f lorescence was only  noted on a 
few local ized areas  across  the wal l .  [Appendix  C .19,  D.19]
Spal l ing is  i r regular  loss  of  stone usual ly  caused by impac t  or  corros ion. 
I nc ipient  Spal l ing refers  to  cases  where the i r regular  f ragments  are  st i l l 
par t ia l ly  attached.  [Appendix  C .20,  D.20]
M iss ing Joints  are  miss ing or  damaged jo ints,  which usual ly  refers  to 
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lost  mor tar  in  the e levat ion.  [Appendix  C .21,  D.21] 
I nter face Eros ion is  loss  occurr ing at  the inter face of  or iginal  stone and 
stone repair.  Locat ing inter face eros ion was s igni f icant  in  determining 
i f  repairs  were causing or  accelerat ing exist ing stone deter iorat ion. 
I nter face eros ion was only  noted on .05% of  the e levat ion sur veyed. 
[Appendix  C .22,  D.22]
Metal l ic  Sta ining refers  to  red-brown discolorat ion re lated to  i ron 
corros ion and is  found near  metal l ic  e lements  such as  inser ts ,  and 
wir ing present  on the bui lding.  [Appendix  C .23,  D.23]
Vegetat ion is  the presence of  h igher  plant  forms,  inc luding their  root 
remnants.  Vegetat ion is  seen on the roof  of  the entrance por t ico and 
rarely  in  any other  places  and suggests  areas  of  h igh water  saturat ion. 
[Appendix  C .24,  D.24]
Guano is  b i rd  excrement .  The only  locat ions  where this  i s  found on the 
e levat ion are  areas  of  the large windows.  [Appendix  C .25,  D.25]
M icro -f lora  is  the presence of  a lgae and fungi ,  and including mosses 
and l ichens,  ident i f ied as  local ized areas  of  b lack ,  green or  brown 
discolorat ion.  M icro -f lora  was  noted across  the ent i re  façade with large 
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concentrat ions  on the crenel lat ions,  the top of  the buttresses,  the lower 
wal l  and a long the window s i l l s -a l l  areas  of  h igh moisture  exposure and 
saturat ion.  M icro -f lora  was recorded on 15% of  the east  wal l .  [Appendix 
C .26,  D.26]
d e t e r i o ra t i o n  m e c h a n i s m s  &  a s s e s s m e n t s
The east  wal l  of  Durham Cast le  is  representat ive  of  the many condit ions 
obser ved throughout  the complex that  can be attr ibuted to  mult iple 
fac tors.  A  matr ix  was  establ ished to  explore  the re lat ionship among the 
recorded bui lding condit ions,  probable  mechanisms of  deter iorat ion 
and the enabl ing fac tors  on s i te  such as  moisture  or  bedding or ientat ion. 
O f  the many condit ions  recorded,  those associated with forms of  stone 
loss  were studied in  depth including repairs  (evidence of  past  damage) , 
a lveol izat ion,  peel ing,  detachment ,  f r iabi l i t y,  l inear  eros ion and micro -
f lora .  [Appendix  E]
The east  e levat ion of  Durham Cast le  contains  a  s igni f icant  amount 
of  patched and replaced stone,  45% and 34% respec t ively.  The repair 
methods suggest  that  the stone had reached such a  state  of  deter iorat ion 
that  i t  was  necessar y  to  e i ther  completely  replace i t  or  repair  i ts  lost 
sur face.  Total  s tone replacement  has  occurred on por t ions  of  the 
buttresses,  in  areas  surrounding the buttresses,  and the in  the car ved 
windows and por ta l  beginning as  ear ly  as  the18th centur y.  The mor tar 
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patching obser ved across  the ent i re  e levat ion was insta l led dur ing 
the 1930s  restorat ion campaign.  Stone ashlar  that  was  deter iorated 
but  could st i l l  be  sa lvaged was patched.  The ex tent   of  these repairs 
suggests  that  the stone is  intr ins ical ly   suscept ible  to  deter iorat ion and 
the t ype and sever i t y  of  the di f ferent  condit ions  recorded are  a  func t ion 
of  associated enabl ing fac tors  such as   moisture  access  ( r is ing or  fa l l ing 
damp) ,  exposure,  detai l  des igns,  and stone bedding or ientat ion.  No 
patterns  of  stone decay were found in  associat ion with patching to 
suggest  that  this  repair  technique has  caused or  exacerbated ear l ier 
condit ions  suggest ing incompatibi l i t y  of  the “plast ic ” mor tar  repairs 
(as ide f rom aesthet ics) .  [Appendix  E .01 -  Repairs ]
Alveolar  eros ion,  the major  condit ions  studied in  this  thes is ,  occurs 
across  the east  e levat ion a l though i t  i s  more prominent  on the buttresses 
and beneath the window s i l l s .  This  t ype of  deter iorat ion occurs  block 
by block ;  in  some cases  the cavit ies  encompass  the ent i re  sur face area 
of  the stone,  in  others  i t  only  occurs  in  cer ta in  por t ions  of  the stone. 
Alveolar  eros ion,  which was discussed in- depth in  the previous  chapter, 
can be the result  of  var ious  deter iorat ion mechanisms which include 
sal t  cr ysta l l izat ion c ycl ing and expansion and contrac t ion of  c lays 
dur ing wet- dr y  c ycl ing,  whi le  s i l ica  formation and i ron deposit ion can 
ac t  as  contr ibut ing fac tors.  I t  i s  the major  deter iorat ion t ype occurr ing 
at  Durham attr ibuted to  the stone’s  geo - chemical  nature  in  conjunc t ion 
with wind and precipitat ion ( ra in  and melt ing snow) .  The obser ved 
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concentrat ion of  this  condit ion on the buttresses  may be due to  the 
fac t  that  these architec tural  features  projec t  beyond the plane of  the 
wal l  which makes  them more suscept ible  to  wett ing and dr ying c ycles. 
I t  a lso  occurs  more heavi ly  under  window s i l l s  because of  h igh water 
saturat ion f rom s i l l  col lec t ion and disposal .  [Appendix  E .02 –  Repairs 
and Alveol izat ion]
Peel ing—the detachment  of  a  thin  uni form s ingle  layer  of  stone 
independent  of  i ts  bedding— is  a  par t icular  t ype of  detachment 
obser ved most ly  on replacement  stone.  The windows on the south 
end of  the façade have a l l  suf fered f rom peel ing,  the protruding or ie l 
window being the worst .   Peel ing occurs  on many tooled sur faces, 
inc luding both ver t ica l  and hor izontal  sur faces.  The windows on the 
nor th end of  the façade a long with the por ta l  do not  display  peel ing 
l ike  the windows on the south end.  This  could be a  result  of  the use 
of  t wo di f ferent  t ypes  of  sandstone for  the replacements.  Fac tors  that 
could cause peel ing to  occur  are  soluble  mineral  t ranspor t  that  enr iches 
and densi f ies  the sur face complete  with i ts  or iginal  tool ing which upon 
weather ing displays  di f ferent ia l  responses  than the stone beneath i t . 
Another  fac tor  could be the sur face f in ishing methods that  result  in 
subsur face micro - crack ing which upon weather ing cause sur face fa i lure. 
[Appendix  E .03 –  Repairs  and Peel ing] 
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Detachment ,  contour  scal ing and f lak ing are  a l l  subt ypes  of  the stone 
detaching in  mult iple  layers.  Detachment  occurs  across  the façade and 
is  a  d i rec t  result  of  the geochemical  nature  of  the stone and i ts  reac t ion 
to  water.  However,  f lak ing,  another  form of  detachment ,  occurs  more 
on the buttresses  and lower  zones  of  the e levat ion.  Because the stone 
is  a  sedimentar y  sandstone composed of  bedding strata ,  these forms of 
detachment  ref lec t  the stone’s  strat igraphic  struc ture  in  the presence of 
var y ing amounts  of  moisture.  [Appendix  E .04 –  Repairs  and Detachment 
and Flak ing]
Fr iabi l i t y  occurs  general ly  across  the e levat ion as  wel l .  I t  i s  s tone 
dependent  and does  not  seem to be re lated to  locat ion on the façade. 
The disaggregat ion of  stone seems to  be one of  the t ypical  condit ions 
that  can be attr ibuted to  the geo - chemical  nature  of  the stone.  Fac tors 
that  would cause this  to  occur  are  high porosit y  of  the stone,  the quar tz 
gra ins  not  being ver y  compac ted thus  a l lowing moisture  to  enter  the 
stone eas i ly.   Freeze -thaw f lak ing,  c lay  swel l ing and shr ink ing,  and 
soluble  mineral  t ranspor t  and deplet ion of  the exposed zone may a l l  be 
fac tors  in  causing f r iabi l i t y.   Fr iabi l i t y  and detachment  are  seen both 
separately  and as  combined condit ions  on stones.  [Appendix  E .05 – 
Repairs  and Fr iabi l i t y  and Detachment]
L inear  Eros ion is  a lso  a  dist inc t  deter iorat ion pattern s imi lar  to 
a lveol izat ion however  i ts  deter iorat ion patterns  appear  in  associat ion 
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with the exposed bedding planes  in  the natual  bedded sandstone. 
Again this  form of  eros ion can a lso be attr ibuted to  sa l t  cr ysta l l izat ion, 
f reeze/thaw c ycl ing,  or  the hydrat ion of  c lays.  L inear  eros ion is  obser ved 
on the façade in  areas  that  are  highly  prone to  water  such as  the 
crenel lat ions,  projec t ing e lements  such as  windows,  and the masonr y 
below the window s i l l s .  Because of  the vulnerabi l i t y  of  the bedding 
planes  when exposed on edges,  these areas  become more suscept ible 
to  micro - cracks,  a l lowing water  to  enter  the sandstone.  [Appendix  E .06 
–  Repairs  and L inear  Eros ion]
M icro -f lora  is  an indicat ion of  excess ive  moisture  saturat ion of  the 
façade and therefore  tends to  occur  in  places  of  h igh water  contac t 
such as  the crenel lat ions  at  the top of  the e levat ion,  window s i l l s ,  below 
windows,  and the stonework at  grade f rom capi l lar y  t ranspor t  ( r is ing 
damp) .  [Appendix  E .07 -  Repairs  and M icro -f lora]
From the var ious  condit ions  obser ved at  Durham Cast le,  i t  can be 
hypothesized that  the main cause of  deter iorat ion of  the stone masonr y 
is  the highly  vulnerable  geo - chemical  nature  of  the sandstone i tse l f, 
par t icular ly  the presence of  expansive c lays.  Alveolar  eros ion as  wel l  as 
many of  the other  condit ions  that  occur  are  enabled by the porosit y  of 
the sandstone and i ts  contac t  with excess ive  moisture. 
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I t  i s  concluded that  the synergies  bet ween the geo - chemical  nature 
of  the sandstone,  the presence of  excess ive  moisture  del ivered as 
ra in ,  melt ing snow and aerosol  ( fog) ,  and the contex t  of  each e lement 
(stone environment) ,   a l l  p lay  a  major  role  in  determining the var iet y 
of  condit ions  that  can be obser ved on the east  e levat ion of  Durham 
Cast le.  No s ingle  e lement  of  these three could have resulted in  the 
damaging condit ions  present .  Fur ther  analys is  and environmental 
monitor ing wi l l  conf i rm or  c lar i fy  the mechanisms responsible  for  the 
stone deter iorat ion obser ved at  Durham Cast le  and other  bui ld ings  in 
the v ic in i t y.   
1   Warren,  John.  Durham Cast le.  Conser vat ion Plan 2005.  p.  30 .
2   I b id.  p.  30 .
3  Nor th East  England Cl imate.  Met  O ff ice.  http://w w w.metoff ice.gov.uk/
c l imate/uk/ne/pr int .html. 
4  Nor th East  England Cl imate.  Met  O ff ice.  http://w w w.metoff ice.gov.uk/
c l imate/uk/ne/pr int .html.
5   Engineered Weather  Data .  Cour tesy  of  M ichael  Henr y,  P.E .
6   I b id.
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Chapter  5  :  Stone Analys is
i n t r o d u c t i o n  t o  s a n d s t o n e s
Sandstone is  a  c last ic  sedimentar y  rock of  sand-s ized minerals  or  rock 
grains  that  are  most ly  composed by quar tz  with some fe ldspar  minerals . 
The grains  of  sandstone are  natural ly  cemented and the cementing 
mater ia l  can be quar tz ,  s i l ica ,  ca lc i te,  c lays,  and i ron compounds. 
Cementat ion of  sandstones  is  the pr imar y  process  that  determines 
the porosit y  of  a  sandstone.  Calc i te  cementing mater ia l  of ten gives  a 
cr ysta l l ine  tex ture  and appearance to  the stone and i f  a  substant ia l 
amount  of  ca lcareous cement  is  present ,  the stone is  considered a 
calcareous sandstone. 1 S i l ica  is  one of  the most  common cementing 
mater ia ls  and is  formed through dissolut ion or  f rom alterat ion of  the 
quar tz  sand.  Clay  mater ia l  can a lso be a  cementing mater ia l  but  is 
not  a  desi rable  const i tuent  because of  i ts  p late - l ike  const i tut ion that 
results  in  i ts  suscept ibi l i t y  to  shr ink ing and swel l ing in  the presence of 
moisture  and f rom frost  suscept ibi l i t y. 2 I ron compounds are  a lso  found 
f requently  as  cementing agents  and usual ly  consist  of  i ron oxides  or 
oxide hydrates,  or  ferruginous c lays.  Sandstones  with i ron compound 
cementat ion are  k nown as  ferruginous sandstones. 3 O ther  t ypes  of 
cementing mediums such as  gypsum and dolomite,  a lso  can be found 
in  sandstones,  which a l ter  the stone’s  proper t ies  and composit ion.
Adams et  a l .  descr ibe the c lass i f icat ion of  sandstones  by their 
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cementat ion agents  and pr incipal  matr ix  components  and c lass i fy  them 
according to  their  sedimentat ion matur i t y.   Sediment  matur i t y  refers 
to  the mineralogical  and tex tural  level  of  composit ion in  sandstones. 
M ineralogical ly  mature sediments  are  the stones  that  contain  a  high 
propor t ion of  the most  chemical ly  stable  and physical ly  res istant 
minerals  such as  quar tz .  Sediments  considered mineralogical ly  immature 
contain  less  stable  grains  such as  fe ldspars. 4   
 
Folk  descr ibed the matur i t y  of  sandstones  by categor iz ing them 
according to  their  cementat ion matr ix  and the sor t ing and roundness 
of  the grains.  An immature stage consists  of  sediments  that  contains 
more than 5% clay  matr ix  and grains  that  are  poor ly-sor ted and not 
wel l - rounded.  Submature stages  of  sandstone have less  that  5% of  c lay 
matr ix  in  the sediment  with the grains  st i l l  poor ly-sor ted and not  wel l -
rounded.  The mature stage sediment  contains  l i t t le  or  no c lay  with wel l -
sor ted but  not  wel l - rounded grains.  Final ly,  the supermature sediment 
stage contains  no c lay  and has  grains  that  are  wel l -sor ted and wel l -
rounded. 5 
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d u r h a m  s a n d s t o n e
Durham Cast le  is  construc ted out  of  local  sandstone ashlar  b locks. 
The sandstone of  the region is  a  Carboniferous  sandstone that  can 
be div ided into t wo major  categor ies :  Coal  Measures,  M i l ls tone Gr i t 
and Carboniferous  L imestone.  Carboniferous  L imestone is  a  misnomer 
for  the stone,  however  the div is ion is  predominately  a  l imestone in 
the M idlands and southern England,  with  propor t ions  changing to 
sandstone towards  Yorkshire  and Nor thumberland.   Coal  M easures  and 
M i l lstone Gr i t  are  an Upper  Carboniferous  sandstone and Carboniferous 
L imestone is  a  Lower  Carboniferous  sandstone. 6 Both Upper  and Lower 
Carboniferous  sandstones  have been used at  Durham.  Coal  M easures 
can be found r ight  in  Durham Count y and was used for  much of  the 
restorat ion work .  Sandstone f rom the Kepier  Quarr y,  which is  only  a  few 
mi les  away to  the nor th- east , 7 i s  a  Coal  Measures  sandstone that  was  a lso 
chosen for  restorat ion work  at  Durham Cast le.  Another  Coal  Measures 
sandstone used f requently  for  restorat ion was Dunhouse Stone f rom 
the Dunhouse quarr y,  near  Dar l ington,  that  opened in  1926.
Dunhouse Stone is  a  f ine to  medium grained sandstone that  was 
suppl ied in  large blocks  for  restorat ion work . 8 I t  i s  k nown to be of  a 
creamy buff  color  and suitable  for  ashlar,  car v ing,  components,  wal l ing 
block and landscaping.  I t  a lso  is  able  to  have a  var iet y  of  f in ishes  such 
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as  dressed,  f ine rubbed,  sawn and spl i t . 9 Dunhouse Quarr y  Company 
references  Dunhouse Stone as  a  f ine grained sandstone having excel lent 
weather ing proper t ies,  excel lent  res istance to  pol lut ion,  a  densit y  of 
approximately  2400-2600 kg/m3,  a  porosit y  of  16%,  and a  compress ive 
strength of  55 .49 N/mm2. 10 
O f  the Lower  Carboniferous  sandstones  used,  B lack  Pasture  Stone is 
located in  quarr ies  near  Chol ler ford,  Nor thumberland.  This  sandstone 
was a lso used for  restorat ions  at  Durham. 11 B lack  Pasture  Stone was 
used pr imar i ly  before  Dunhouse Stone and was considered a  tough, 
f ine - grained,  buff  colored sandstone. 12  
A l though var ious  quarr ies  have been used for  construc t ion and 
restorat ion work  at  Durham Cast le,  a l l  of  the sandstones  selec ted have 
been local ly  quarr ied and readi ly  avai lable,  which is  st i l l  the case to  date. 
The sandstones  used a lso seem to have the same proper t ies  of  color, 
cutt ing and car ving abi l i t ies,  as  wel l  as  their  weather ing tendencies. 
Us ing Folk ’s  categor izat ion approach,  the or iginal  sandstone used at 
Durham would be considered an immature stage of  sedimentat ion, 
based upon i ts  cementat ion matr ix ,  and the sor t ing and roundness  of 
i ts  gra ins. 
To understand the proper t ies  and composit ion of  the sandstone,  several 
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methods and analys is  techniques  were conduc ted on both weathered 
and unweathered samples  of  the stone including opt ical  microscopy, 
gravimetr ic  analys is ,  soluble  sa l t  content ,  porosit y  and water  absorpt ion 
test ing,  scanning elec t ion microscopy and x-ray  di f f rac t ion.  [ Table 
5 .01] 
c o m p o s i t i o n
gravimetr ic  analys is
Gravimetr ic  analys is  by  ac id  digest ion was  per formed on Durham 
sandstone and on mor tar  samples  at  the star t  of  the study to  determine 
the approximate ac id  soluble  component  present  in  both the stone and 
the mor tar  used on Durham Cast le.  [Appendix  F.01-F.06]  The test  was 
conduc ted on a  sandstone sample;  on the replacement  point ing mor tar 
seen on the east  façade;  and,  on histor ic  mor tar  found on the west 
façade.  [Figure 5 .01]  [Appendix  G.01- G.03] 
This  laborator y  exper iment  is  a  s imple  method used to  determine the 
three main components  of  a  bui ld ing stone or  mor tar :  the f ines,  the 
ac id  soluble  f rac t ion,  i .e . ,  the calcareous binder ;  and,  the ac id  insoluble 
f rac t ion composed of  s i l iceous mater ia ls .  This  exper iment  is  a  f i rst 
approach to  charac ter ize  the samples. 
The sample is  f i rst  ground into a  powder,  dr ied and weighed.  A  smal l 
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amount  of  hydrochlor ic  ac id  is  then poured onto the sample to  determine 
i ts  reac t iv i t y  with ac id.  The percentage of  the sample that  dissolves 
with  hydrochlor ic  ac id  corresponds to  the ac id  soluble  compounds 
present ,  such as  calc ium carbonate.  Once this  step is  completed,  the 
sample is  poured into dist i l led water  and st i r red for  24 hours.  Fol lowing 
the st i r r ing,  the sample is  f i l tered through a  f i l ter  paper  to  separate  the 
c lay  f ines  in  the sample f rom the aggregate or  stone grains.  The f i l ter 
paper  is  then weighed to  determine the c lay  f ines  present  in  the sample 
and the aggregate is  s ieved and weighed to  determine the amount  of 
s i l iceous minerals  or  aggregate and their  par t ic le  s ize  range.
Gravimetr ic  analys is  of  the sandstone showed that  the stone is  composed 
most ly  of  sand par t ic les,  64%;  with a  re lat ive  high percentage of  c lay 
f ines,  32%;  and,  a  smal l  percentage of  ac id  soluble  minerals ,  4%,  most 
l ikely  ca lc i te,  CaCO3.  The ac id  insoluble  stone par t ic les  were most ly 
composed of  smal ler  sand par t ic les,  most  within  the 100-200μm par t ic le 
s ize  range.  [Appendix  F.02]  
The mor tar  found on the east  façade is  the same throughout  the 
e levat ion and was introduced dur ing the restorat ion campaign of  the 
1930s.  The mor tar  has  a  hardness  of  7  based on Mohs hardness  scale 
and is  composed of  large s ize  aggregate par t ic les.  The mor tar  i s  most ly 
intac t  on the façade and is  only  miss ing in  areas  of  h igh ac t iv i t y,  such as 
door ways.  Gravimetr ic  analys is  determined the mor tar  to  be composed 
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of  53% aggregate,  37% acid  soluble  f rac t ion and 10% f ines.  The major i t y 
of  aggregate s ize  in  the mor tar  ranges  f rom 16-100μm.  [Appendix  F.04] 
The wel l - graded aggregate a l lows for  low porosit y.  
The last  sample used for  gravimetr ic  analys is  was  a  mor tar  found on the 
terrace of  the Cast le.  This  sample was  taken speci f ica l ly  to  compare to 
the mor tar  used for  repoint ing on the east  façade.  The histor ic  mor tar 
was  comprised of  46% acid  soluble  f rac t ion,  36% aggregate with an 
average par t ic le  range f rom 50-200μm,  and 18% f ines.  [Appendix  F.06] 
The high percentage of  ac id  soluble  mater ia l  in  the mor tar  suggests  a 
l ime binder.  Table  5 .02 summarizes  the data  obtained f rom al l  the three 
samples  by gravimetr ic  analys is .
Table  5 .02.  Summar y of  results  f rom gravimetr ic  analys is .
    
 Fines Acid Soluble Acid Insoluble 
Durham Sandstone - 
Sample from Stone A 
32 4 64 
Current Mortar - East 
Façade Mortar 
10 37 53 
Historic Mortar - 
Terrace Mortar 
18 46 36 
Course
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soluble  sa l t  content
Ef f lorescence were only  occas ional ly  noted on the façade.  However, 
research on a lveolar  eros ion weather ing shows that  sa l ts  can be 
an impor tant  fac tor  in  their  formation;  therefore  i t  was  impor tant 
to  determine the concentrat ion of  sa l ts  that  might  be found in 
the sandstone.   The test  was  conduc ted by fol lowing Dr.  Charola’s 
determinat ion of  moisture  and soluble  sa l t  content  lab prepared for 
the Univers i t y  of  Pennsylvania’s  Advanced Conser vat ion Science course. 
[Appendix  G.04- G.07]  Both a  deter iorated stone sample (Stone B)  and 
a  replacement  stone sample (Stone C )  were used to  determine soluble 
salt  content . 
The samples  were f i rst  weighed,  p laced in  an oven for  2  hours  and 
removed,  placed in  a  dess icator,  and weighed again .  This  process 
was  cont inued unt i l  the sample had t wo consecut ive  weighings less 
than 0 .01% of  the weight  of  the sample.  The di f ference bet ween this 
weighing and the in i t ia l  weight  of  the sample then a l lowed to  calculate 
the moisture  content  present  in  the stone.  The weathered sandstone 
(Stone B)  had a  moisture  content  of  0 .39% and the replacement  stone 
(Stone C )  had a  moisture  content  of  0 .14%.  The samples  were then 
ground into a  uni form powder,  weighed,  and put  in  a  beaker  with 
dist i l led water.  These suspensions  were then st i r red for  2  hours  and lef t 
to  sett le  overnight .  Once the suspension had sett led,  i t  was  f i l tered and 
the f i l ter  paper  with sol id  res idue was kept  to  calculate  the weight  of 
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soluble  sa l t  content  and the solut ion obtained f rom f i l ter ing was kept 
to  test  for  semi- quantat ive  analys is  of  soluble  sa l ts  in  the sample.
The total  sa l t  content  in  each sample was  of  0 .95% for  sample B,  the 
weathered sandstone,  and 0 .68% for  sample C ,  the replacement  stone. 
This  suggests  that  the sa l t  content  is  re lated to  the length of  exposure 
t ime.
To ident i fy  the sa l t  content  by t ype,  the samples  were tested us ing EM 
Quant  ion sa l t  s t r ips,  a  semi- quant i tat ive  method for  determining the 
speci f ic  ion content  in  the solut ion.  [Figure 5 .02]  The samples  were 
tested for  chlor ides,  sul fates  and nitrates  by immers ing the test  st r ips 
in  the sample solut ions.  Both samples  came up posit ive  for  sul fates  at 
a  level  bet ween 200 and 400 mg/L.  This  concentrat ion was then used to 
determine the concentrat ion of  sul fate  present .  The weathered stone 
had a  sul fate  ion percentage that  ranged bet ween 0 .34% and 0 .67% by 
weight ,  whi le  that  for  the replacement  stone ranged bet ween 0 .26% 
and 0 .53% by weight .   [Appendix  F.07-F.08]  S ince the most  l ikely  sa l t 
to  be accumulated would be gypsum,  CaSO 4∙2H 2O,  due to  a i r  pol lut ion, 
the est imated average gypsum content  was  calculated for  both stones 
conf i rming that  indeed gypsum accounts  for  a l l  of  the sa l t  present  in 
the stone.  Al l  the data  are  summarized in  Table  5 .03.  
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Table  5 .03.  Summar y of  the sa l t  analys is  for  t wo samples  of  Durham 
Cast le  sandstone. 
Soluble Salt Content     
 
% Moisture 
Content 
% Soluble 
Salt Content 
% Sulfate Ion 
Average 
% Gypsum 
Durham Sandstone - 
Sample from Stone B 
0.39 0.95 0.34-0.67 0.91 
Replacement Sandstone - 
Sample from Stone C 
0.14 0.68 0.26-0.53 0.70 
p o r o s i t y  a n d  wa t e r  a b s o r p t i o n  a n d  l o s s
water  absorpt ion/dr ying behavior
Water  absorpt ion of  the sandstone was tested us ing an unweathered 
sample and one with a lveolar  deter iorat ion.  This  analys is  was  per formed 
us ing Charola’s  Water  Absorpt ion and Dr ying Behavior  Lab for  Advanced 
Conser vat ion Science.  [Appendix  G.08- G.10]  This  laborator y  exerc ise 
incorporates  a  var iet y  of  standards  including NORMAL 11/85,  7/81 and 
29/88;  ASTM C67-97 and C948-94;  and the ICCROM ARC Laborator y 
Handbook .  These are  a l l  incorporated to  a l low for  the determinat ion 
of  capi l lar y  water  absorpt ion,  water  absorpt ion by total  immers ion and 
porosit y,  and the dr ying rate  in  one exerc ise. 
The analys is  was  carr ied out  on a  less  weathered stone sample and a 
stone sample with a lveolar  eros ion that  were cut  into 5  cm s ide cubic 
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samples.  [Appendix  F.09-F.12]  The samples  were placed in  a  container 
with dist i l led water  only  touching the bottom face.  The samples  were then 
weighed over  a  sequence of  t ime as  they absorbed water.  [Char t  5 .01]  I t 
took the unweathered sample 18 hours  to  reach an asymptot ical  water 
absorpt ion value whi le  the weathered sample required only  12 hours. 
The unweathered sample had an in i t ia l  absorpt ion rate  of  0 .00019g/
g∙sec0.5  whi le  the deter iorated sample had an in i t ia l  absorpt ion rate 
of  0 .00038g/g∙sec0.5 .  The in i t ia l  rate  of  absorpt ion was much faster 
for  the deter iorated sample,  t wice as  fast ,  indicat ing that  i t  had larger 
pores  a l though the maximum of  water  absorbed was s imi lar  for  both 
samples,  about  22.2  grams. 
chart 5.01. water absorption of durham sandstone samples.
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Fol lowing the init ia l  water  absorpt ion test ,  the sample was ful ly  immersed 
in  water  for  24 hours  to  f ind out  the maximum water  absorpt ion value. 
When this  was  determined,  the sample was then taken out  of  the water 
and weighed over  a  sequence of  t ime as  i t  dr ied to  determine the dr y ing 
rates  of  the stone.  The samples  took a  s igni f icant ly  longer  amount  of 
t ime to  dr y  than they did to  absorb water.
From the weight  change of  the samples,  f rom dr y  weight  to  24 hour 
water  absorpt ion,  the apparent  porosit y  percentage can be calculated. 
The unweathered sample absorbed 23.23 g  of  water  whi le  the weathered 
one absorbed 23.15 g.  The di f ference bet ween the maximum amount  of 
water  absorbed by capi l lar i t y  and that  by total  immers ion is  about  1  g, 
for  e i ther  sample.  This  indicates  that  there  are  some large pores  that 
require  total  immers ion to  be completely  f i l led and that  the overal l 
porosit y  of  the stone has  not  been af fec ted by the weather ing,  rather, 
the changes that  are  induced by the weather ing are  concentrated on 
the sur face.
The Apparent  Porosit y  for  these samples  was  calculated to  be 5 .71% and 
5 .88% for  the unweathered and the weathered sample,  respec t ively.  The 
Open Porosit y  of  the samples  is  ca lculated based on the rat io  of  open 
pores  in  the sample to  i ts  total  volume.  For  the unweathered sample, 
the Open Porosit y  was  18.58 % whi le  i t  was  18.52 % for  the weathered 
sample.  This  value is  probably  smal ler  than the ac tual  value s ince the 
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calculated volume of  the weathered sample was approximated to  that 
of  a  per fec t  cube,  whi le  in  real i t y  i t  i s  l ike ly  smal ler.  The summar y of  the 
complete  water  absorpt ion data  is  shown in  Table  5 .04.
Table  5 .04.  Summar y of  Water  Absorpt ion.
Water Absorption   Capillarity 24 hour immersion 
 
Initial Absorption 
Rate (g/gsec0.5) 
Maximum  Water 
Absorbed 
Total 
Water 
Absorbed  
% Apparent 
Porosity 
% Open 
Porosity 
Unweathered Sample 0.00019 22.16  23.23 5.71 18.58 
Alveolar Erosion Sample 0.00038 22.19  23.15 5.88 18.52 
The dr y ing cur ves  are  shown in  Char t  5 .02.  The in i t ia l  dr y ing rate  is  s imi lar 
for  both weathered and unweathered stones.  However,  i t  can be seen 
that  the weathered stone takes  longer  to  dr y  than then unweathered 
one.  This  ref lec ts  the re lat ive  increased c lay  content  in  the weathered 
stone as  the calc i t ic  b inder  is  lost  and gypsum is  formed.  I t  i s  k nown 
that  gypsum tends to  block pores  reta ining moisture,  therefore,  the 
weather ing process  is  exacerbated in  weathered samples—moisture 
enhancing c lay  expansion—as they take longer  to  dr y.  
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chart 5.02.drying curve of durham sandstone samples.
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optical  microscopy 
Thin sec t ions  were prepared f rom t wo samples :  a  weathered stone 
(Stone A)  and a  replacement  stone (Stone C )  were selec ted for  sampl ing. 
O f  the weathered stone,  t wo separate  samples  were taken f rom a less 
weathered area and f rom a  cavit y  whi le  only  one sample was  taken 
f rom the replacement  stone.  The samples  were cut  in  cross-sec t ion so 
that  when mounted the sample would contain  the inner  stone as  wel l 
as  the ex ter ior  face to  determine any di f ferences  in  the struc ture.  When 
the samples  were sec t ioned and mounted they were in jec ted with blue 
epox y to  make any porosit y  or  var iances  in  the struc ture  c learer.  Whi le 
the stones  are  a l l  sandstone quarr ied f rom the same place,  d i f ferences 
can be noted when look ing at  the thin  sec t ions. 
Stone A had specimens taken both f rom a  less  weathered area (A_A) 
and f rom a  cavit y  (A_C ) .  Look ing at  the less  weathered area i t  can be 
seen that  the stone is  composed of  quar tz  gra ins  (43%) ,  s i l ica ,  c lay 
matr ix  (14%) and in  some areas,  smal l  amounts  of  mica .  [Figure 5 .03] 
The apparent  porosit y  in  the sample is  13%.  [Figures  5 .04-5 .07]  As  the 
sample is  examined f rom the inner  por t ion of  the stone towards  the 
ex ter ior  face,  there  is  a  h igher  level  of  porosit y,  indicat ing the weather ing 
occur ing f rom the sur face of  the stone.  [Figure 5 .08-5 .09]  The quar tz 
gra ins  in  the sandstone are  poor ly  graded,  of  angular  and sub -angular 
shape with an average grain  s ize  of  100μm.  Throughout  the sample 
there  is  a  h igh amount  of  inter- granular  crack ing that  occurs  bet ween 
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figure 5.03. stone sample A thin section. 1.0x magnification.
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figure 5.04. stone sample A. figure 5.05. stone sample A porosity, 13%
figure 5.06. stone sample A quartz, 43% figure 5.07. stone sample A clay, 14%
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figure 5.08. stone sample A surface. 3.0x magnification.
figure 5.09. stone sample A interior. 3.0x magnification.
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the quar tz  gra ins  in  the stone.  The c lay  matr ix  can be seen surrounding 
the quar tz  gra ins  as  wel l  as  s i l ica .  Af ter  d is integrat ion of  the grains  by 
weather ing and compac t ion,  s i l ica  forms around the grains.  However, 
in  this  sandstone,  the s i l ica  content  is  not  enough to  bond the grains 
together. 
When look ing at  the cavit y  sample (A_C )  of  the weathered stone A, 
s igni f icant  changes can be seen.  [Figure 5 .10]  The cavit y  of  the stone 
has  a  h igher  level  of  porosit y,  about  28%.  I t  a lso  contains  a  s igni f icant 
amount  of  micro - crack ing throughout  the ent i re  sample.  The cavit y 
contains  a  h igher  percent  of  c lay  matr ix  than that  of  the un-weathered 
stone as  wel l ,  approximating 19%.  [Figures  5 .11-  5 .14]  The cavit y  of 
Sample A a lso  has  ex treme di f ferences  bet ween the sur face of  the stone 
and the inter ior.  The sur face of  the cavit y  being ver y  f r iable,  indicat ing 
dis integrat ion of  the sur face.  [Figure 5 .15-5 .16]
The replacement  stone current ly  used at  Durham Cast le  is  surpr is ingly 
more porous than the original  stone samples.  [Figure 5.17]  Mineralogical ly 
i t  i s  s imi lar  to  the current  stone,  containing a  not iceable  amount  of 
c lay  (20%) ,  s i l ica  and quar tz  gra ins  (60%) .  The sample is  comprised of 
sub -rounded and sub -angular  gra ins  averaging 100μm in  s ize  with an 
average porosit y  of  20% throughout  the sample.  [Figures  5 .18-5 .21] 
The replacement  stone does  not  have a  lot  of  d i f ferences  bet ween the 
sur face and inter ior  because i t  has  not  weathered as  the other  samples. 
[Figures  5 .22-5 .23] 
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figure 5.10. stone sample A cavity thin section. note increased porosity (> blue) at top (surface). 
1.0x magnification.
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figure 5.11. stone sample A cavity figure 5.12. stone sample A cavity porosity, 28%
figure 5.13. stone sample A cavity quartz, 40% figure 5.14. stone sample A cavity clay, 19%
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figure 5.15 stone sample A cavity surface. 3.0x magnification.
figure 5.16. stone sample A cavity interior. 3.0x magnification.
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figure 5.17. stone sample C thin section - replacement stone. 1.0x magnification.
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figure 5.18. stone sample C figure 5.19. stone sample C porosity, 20%
figure 5.20. stone sample C quartz, 60% figure 5.21. stone sample C clay, 20%
88
figure 5.22 stone sample C surface - replacement stone surface. 3.0x magnification.
figure 5.23.stone sample C surface - replacement stone interior. 3.0x magnification.
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Table  5 .05 summarizes  this  data  f rom opt ical  microscopy,  l i s t ing the 
di f ferences  bet ween the samples.
Table  5 .05.   Summar y of  data  obtained by image analys is  with  opt ical 
microscopy
Optical Microscopy    
 Porosity % Quartz % Clay Matrix % Average Grain Size 
Sample A 19 61 20 100μm 
Sample A_C 36 40 24 100μm 
Sample C 20 60 20 100μm 
 
The ef fec ts  of  deter iorat ion are  not iceable  in  the thin  sec t ions.  The 
or iginal  stone has  a  h igh porosit y  and c lay  matr ix  but  weathered 
zones  (A_C )display  a  t wofold increase in  porosit y.  Based on the high 
percent  of  c lays  present ,  determining the t ype of  c lay  through x-ray 
di f f rac t ion is  fundamental  in  determining how i t  may be af fec t ing stone 
per formance. 
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scanning elec tron microscopy 
Af ter  microscopic  examinat ion was per formed on the samples, 
Scanning E lec tron M icroscopy and X-R ay Di f f rac t ion were per formed 
to  determine,  the e lemental  and mineralogical  composit ion of  the 
samples,  respec t ively.  Scanning E lec tron M icroscopy was per formed on 
three samples  f rom Stone A. 
Sample A1 was taken f rom a  por t ion of  stone that  had no s ign of 
weather ing.   This  ser ved as  a  reference for  comparison with the weathered 
samples.   The sand grains  appear  to  be only  s l ight ly  separated and pores 
are  evident  throughout  the sample.  [Figure 5 .24]  Some larger  calc i te 
cr ysta ls  are  a lso  present .  The most  str ik ing feature  is  the abundance 
of  c lay  tablets  and other  f lak y  minerals  composed of  mica . 13 Whi le  the 
grains  are  apparent  in  the stone,  i t  i s  the c lays  that  are  dominant  in  the 
sample.  [Figures  5 .25-5 .27]
Sample A2 was taken f rom a  por t ion of  the stone containing a lveolar 
eros ion.  The sample was  taken strategical ly  so  that  the edges of  the 
sample are  segments  a long the formed cavit ies,  and the center  of  the 
sample is  a  hardened space bet ween t wo cavit ies.  [Figure 5 .28] 
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figure 5.24. unweathered sample, A1, showing the grain structure and porosity of the sandstone.
92
figure 5.25. unweathered sample, A1, showing the quartz grains, calcite and porosity of the 
sandstone.
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figure 5.26. unweathered sample, A1, showing the flakey clays dominant in the stone.
94
figure 5.27. unweathered sample, A1, showing the formed clays in the stone.
95
figure 5.28. alveolar erosion sample, A2,  for scanning electron microscopy.
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Look ing at  the di f ferences  in  the sample bet ween the edges and the 
center  i t  can be seen that  the center  of  the sample is  much denser 
than the edges.  The grains  appear  c loser  together  and less  pores  are 
v is ible.  [Figures  5 .29]  At  h igh magnif icat ion,  the c lay  stacks  can be seen 
in  both the edge of  the sample and in  the center.  I n  the center  of  the 
stone,  the c lays  are  more organized than at  the edges of  the sample 
that  correspond to  the top of  the lower  a lveole  and to  the bottom or 
the upper  a lveole.  [Figures  5 .30-5 .31]
SEM of  both samples  was  ver y  informative,  not  only  by v isual iz ing the 
c lay  matr ix  but  a lso  by seeing the var iat ion in  the way the c lay  was 
stacked.  I n  speci f ic  areas  throughout  the stone,  the c lays  can be seen 
stacked into columns,  i .e . ,  as  k aol in i te  does.  By  look ing at  the photos 
f rom SEM analys is  i t  i s  apparent  that  c lays  are  present  throughout  the 
ent i re  stone but  that  they are  weather ing.  These c lays  appear  “ f lak y ” 
and are  not  correc t ly  stacked in  columns.  The edges  of  the c lays  a lso 
appear  f ragmented and appear  white  in  SEM analys is  which may be a 
result  of  edge charges. 14 Gravimetr ic  analys is  and opt ical  microscopy 
only  determined 15-30% of  c lay  matr ix  in  the stone;  however,  a f ter 
per forming SEM analys is  i t  was  apparent  that  c lays  were a  much more 
dominant  component  in  the sandstone than was in i t ia l ly  seen.  This 
can be attr ibuted to  the lower  densit y  that  c lays  have with respec t  to 
quar tz . 
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figure 5.29. center of alveolar sample, A2,  showing more compaction.
98
figure 5.30. center of alveolar sample, A2,  showing properly formed clays.
99
figure 5.31. edge of alveolar sample, A2,  showing flaky clays and expanding clays.
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The third,  larger  sample was  used to  do both SEM and elemental  analys is 
by  energy dispers ive  spec troscopy (SEM-EDS)  to  determine e lemental 
d i f ferences  in  var ious  areas  of  the stone.  [Appendix  F.13]  Fi rst ,  t wo areas 
were chosen towards  the center  of  the stone sample.  Area 1  was  a  planar 
sur face and area 2  was  a  f lak ier  por t ion of  the stone.  [Figure5.32]  Area 
1  was  high in  s i l icon and a lso contained sodium,  magnesium,  a luminum 
and calc ium.  [Char t  5 .03]  Area 2  had st i l l  a  h igh amount  of  s i l icon,  an 
increased amount  of  a luminum,  and st i l l  contained sodium,  magnesium 
and calc ium.  Unl ike  area 1 ,  area  2  a lso  had potass ium present .  [Char t 
5 .04]
Af ter  look ing at  t wo areas  in  the center  of  the stone,  an area was  chosen 
on the edge of  the sample where a lveolar  eros ion occurred.  [Figure 
5 .33]  The edge of  the stone contained a  high amount  of  s i l icon,  lower 
carbon and calc ium,  indicat ing a  decrease in  the binding mater ia l ,  and 
contained a luminum and sodium.  [Char t  5 .05]
Noting the e lement  change in  di f ferent  areas  of  the stone,  e lemental 
mapping was conduc ted to  show the change in  e lements  in  speci f ic 
areas  across  the sample.  From the previous  e lemental  analys is  on 
speci f ic  por t ions,  i t  was  determined to  per form elemental  mapping for 
s i l icon,  a luminum,  calc ium,  carbon,  potass ium,  sodium and magnesium 
elements.  [Figures  5 .34-5 .35]  The e lemental  mapping ref lec ted the t wo 
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figure 5.32. center areas tested for sem-eds analysis.
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chart 5.03. area one (flat surface) tested for sem-eds analysis.
chart 5.04. area two (flaky surface) tested for sem-eds analysis.
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figure 5.33. edge area tested for sem-eds analysis.
104
chart 5.05. area of edge of stone where alveole occurs sem-eds analysis.
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electron image
silicon
aluminum
carbon
sodium
potassium
magnesium
calcium
figure 5.34. elemental mapping of sample stone A
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electron image
silicon
aluminum
carbon
sodium
potassium
magnesium
calcium
figure 5.35. elemental mapping of sample stone A cavity
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areas  that  were previously  studied.  The e lements  s i l icon,  a luminum, 
potass ium,  sodium and magnesium are  a l l  shown stronger  in  the 
e lemental  mapping of  the cavit y  por t ion of  the sample as  expec ted. 
This  shows the increase of  these e lements  due to  higher  c lay  content 
and deter iorat ion ef fec ts.  Calc ium and carbon,  represent ing the calc ium 
carbonate binding mater ia l  of  the stone,  i s  reduced in  the e lemental 
mapping of  the cavit y,  express ing dis integrat ion.  
x- ray  di f f rac t ion
Fol lowing scanning elec tron microscopy,  X-ray  powder  di f f rac t ion 
was used as  an analyt ica l  method to  determine the mineralogical 
composit ion of  a  powdered sample of  stone.  S ince c lays  were largely 
seen in  SEM analys is ,  i t  was  impor tant  to  ident i fy  the c lay  t ypes  present 
in  the sandstone to  begin to  understand the ef fec ts  they have on the 
nature  of  the stone.  The sample was  prepared by gr inding a  por t ion of 
stone with a  mor tar  and pest le  and st i r r ing i t  on a  st i r  p late  for  2  hours 
with deionized water.  Then i t  was  lef t  to  sett le  overnight  and f i l tered 
through an ashless  f i l ter  paper  to  col lec t  the sol id.  This  powdered 
sample was then taken for  x-ray  di f f rac t ion analys is .  The sample was 
placed as  a  powder  in  an a luminum mount . 15
The spec trum was run and the results  obtained by computer  matching 
were analyzed to  determine the minerals  present  in  the sandstone. 
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[Appendix  F.14-F.15]  As  expec ted,  quar tz  was  the dominant  minerals  in 
the sample as  was  c lay.  [Char t  5 .06]  Mult iple  c lay  minerals  were found 
throughout  the sample including i l l i te,  montmori l lonite,  d ick i te,  a lbi te, 
k aol in i te,  palygorsk ite  and k yanite,  in  decreas ing order  of  concentrat ion. 
[Char t  5 .07]  
 
M ixed- layer  c lay  minerals  are  interstrat i f ied layers  of  mult iple  k inds  of 
c lay  minerals .  X-ray  di f f rac t ion detec ted an i l l i te  and montmori l lonite 
mineral  layer  which contr ibutes  to  approximately  20% of  the stone 
sample’s  composit ion.  I l l i te  i s  the most  abundant  c lay  mineral  present 
in  sedimentar y  rocks, 16 which we f ind holding the highest  percentage in 
this  sandstone as  wel l .  I t  i s  a  non- expanding phyl los i l icate  composed of 
tetrahedron –  oc tahedron –  tetrahedron layers  with the inter layer  space 
consist ing of  poor ly  hydrated potass ium cat ions  which usual ly  prevent 
the c lay  f rom swel l ing.  However,  in  this  sample,  i l l i te  i s  combined with 
montmori l lonite  which is  another  phyl los i l icate.  Montmori l lonite  is 
a lso  a  2 :1  layer  struc ture  which unl ike  i l l i te,  i s  h ighly  expansive.  These 
c lays  can form mixed layers  of  i l l i te -montmori l lonite,  and they ac t  as  a 
swel l ing c lay  in  the sandstone.  For  this  reason,  the swel l ing contrac t ion 
c ycles  undergone by any c lay,  are  s igni f icant ly  enhanced and expla in  in 
par t  the suscept ibi l i t y  of  the sandstone to  deter iorat ion in  the presence 
of  moisture.  
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K aol in i te  is  one of  the most  common c lay  mineral  groups which belongs 
to  the fami ly  of  phyl los i l icates  ( layer  s i l icates)  and is  a  1 :1  layer  t ype 
mineral  group. 17 K aol in i tes  general  composit ion is  Al2Si2O5(OH)4. 
K aol in i te  is  a lways  a  secondar y  mineral  that  i s  formed by weather ing 
or  the hydrothermal  a l terat ion of  a luminum s i l icates. 18 K aol in i te  is  not 
a  par t icular ly  expansive c lay  but  a lso  comprises  a  much lower  count  in 
the sandstone than i l l i te -montmori l lonite. 
a n a l y s i s  co n c l u s i o n s
Table  5 .06 compares  the results  of  the di f ferent  porosit ies  measured by 
the di f ferent  techniques.
Table  5 .06 Comparison of  porosit ies  measured by di f ferent  techniques
 
Porosity Comparisons     
 
Porosity % 
reported by 
Dunhouse Stone 
Apparent Porosity 
% w/w  
24 hr Water 
Immersion 
Open Porosity %v/v 
24 hr Water 
Immersion 
Porosity % v/v 
Optical 
Microscopy 
Unweathered Sample  6 19 19 
Alveolar Erosion Sample  6 19 36 
Replacement Stone 16   20 
 
I t  can be seen that  for  the unweathered sample,  the Open Porosit y 
measured by the 24 hr  total  immers ion corresponds to  that  assessed by 
opt ical  microscopy.  I n  the case for  the weathered sample,  the value was 
underest imated,  as  indicated previously,  because of  the approximation 
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of  the sample volume used in  the calculat ion.  I t  becomes evident ,  that 
the porosit y  increases  with weather ing.  The average porosit y  of  the 
quarr y  stone is  16%,  this  increases  to  19% or  20% for  stone exposed 
but  not  yet  evident ly  weathered,  and this  value is  near ly  doubled (36%) 
for  the ver y  weathered stone.  I t  i s  c lear  that  indicat ion of  whether  the 
porosit y  is  measured by volume or  by weight ,  i s  cr i t ica l .
Based upon the analys is  and laborator y  exper iments  done on the 
samples  of  Durham sandstone,  i t  can be concluded that  the stone 
deter iorat ion pattern obser ved,  the a lveolar  eros ion,  can be attr ibuted 
to  a  large degree to  the geo - chemical  nature  of  the stone ,  and in 
par t icular  the presence of  expansive c lays.  Even unweathered por t ions 
of  stone and replacement  stone have high porosit y  and the c lay  matr ix 
contr ibutes  to  the weather ing by i ts  behavior  in  the presence of 
moisture.  The l ikely  presence of  gypsum ser ves  as  a  mult iply ing fac tor 
in  the deter iorat ion. 
The grain  s izes  in  the stone a lso play  an impor tant  role  in  i ts 
deter iorat ion.  The par t ic le  s ize  distr ibut ion of  a  stone can af fec t  i ts 
permeabi l i t y,  porosit y  and water  vapor  t ransmiss ion.  S ince the stone 
is  composed most ly  of  f ine sand par t ic les  and s i l t ,  i t  expla ins  some 
of  the deter iorat ion mechanisms that  are  occurr ing in  the stone. 
Fine sand and s i l t  are  useful  in  f i l l ing in  voids  bet ween larger  s ized 
aggregate,  however,  i f  there  are  only  smal ler  par t ic les,  they become 
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easi ly  d is lodged and transpor table  when in  contac t  with water.  This 
fac t ,  in  conjunc t ion with the presence of  expanding c lays  and gypusm, 
makes  the sandstone ex tremely  vulnerable  to  the c l imat ic  condit ions 
which occur  in  Durham. 
1   Dimes,  Francis  G.  Conser vat ion of  Bui lding and Decorat ive  Stone:  Sedimentar y 
Rocks.  p.  61
2  I b id.  p.  62
3  I b id.  p.  61
4 Adams,  A .E . ,  W.S .  MacKenzie  and C.  Gui l ford.  At las  of  Sedimentar y  Rocks 
Under  the M icroscope.  p.  24 .
5   Folk ,  R .L .  Stages  of  tex tural  matur i t y  in  sedimentar y  rocks.  p.  127.
6    Dimes,  Francis  G.  Conser vat ion of  Bui lding and Decorat ive Stone:  Sedimentar y 
Rocks.  p.  65
7  I b id.  p.  70
8  I b id.  p.  70
9 Stone Federat ion Great  Br i ta in .  I ndigenous Stone Quarr ies :  A  Speci f iers 
Guide.
10 I b id.
11 Dimes,  Francis  G.  Conser vat ion of  Bui lding and Decorat ive  Stone: 
Sedimentar y  Rocks.  p.  66
12  I b id.  p.  66
13  These obser vat ions  are  based upon a  discuss ion of  the SEM results  with 
John Walsh which occurred on Apr i l  8 ,  2010.
14  I b id.
15 General  Note:  Preparat ion for  x-ray  di f f rac t ion containing c lay  minerals 
i s  a  d i f f icult  process  and there  are  several  more in- depth ways  to  prepare 
samples  which were not  conduc ted here.  To provide a  better  result  of  the 
c lay  matr ixes  that  are  found in  the Durham sandstone,  analys is  should be 
done us ing preparat ion techniques  discussed by Moore and Reynolds  in  X-R ay 
Di f f rac t ion and the Ident i f icat ion and Analys is  of  Clay  M inerals ,  Chapter  5 : 
Sample Preparat ion Techniques  for  Clay  M inerals ,  1989.
16  Moore and Reynolds.  X-R ay Di f f rac t ion and the Ident i f icat ion and Analys is 
of  Clay  M inerals .  p.  133.
17  I b id.  p.  102.
18  K le in ,  Cornel is  and Cornel ius  S .  Hur lbut ,  J r.  M anual  of  M ineralogy.  p.  512.
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Chapter  6 :  Conclus ions/Recommendat ions
co n c l u s i o n s
The study has  focused on the sandstone masonr y  at  Durham Cast le 
including i ts  h istor y,  repairs  and restorat ions,  and i ts  current  condit ion. 
I n  par t icular,  i t  has  focused on the deter iorat ion phenomena k nown as 
a lveolar  eros ion and i ts  ef fec t  on the sur face of  Durham sandstone.  From 
the documentat ion and mater ia l  analys is  conduc ted on the sandstone 
i t  can be determined that  the stone’s  deter iorat ion tendencies  are 
pr imar i ly  a  result  of  the geo - chemical  nature  of  the sandstone.  The 
weather ing is  then enabled by repeated contac t  with moisture  and 
wind and accelerated by the presence of  sa l ts . 
Researching case studies  on a lveolar  eros ion and per forming analys is 
on the sandstone at  Durham lead to  the hypothesis  that  the prominent 
forming of  a lveolar  eros ion is  a  result  of  the high c lay  content  of  the 
sandstone and the presence of  sa l ts ,  with  the formation of  s i l ica  and 
the re - deposit ion of  the calc i t ic  b inder  ac t ing as  contr ibut ing fac tors. 
r e co m m e n d a t i o n s
Currently  the only  form of  repair  at  Durham Cast le  is  the total  replacement 
of  stone in  k ind.  To maximize the maintenance of  or iginal  stone on the 
struc ture,  preventat ive  t reatments  are  advised to  reduce the amount 
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of  replacement .  Therefore,  to  arrest  the formation of  a lveolar  eros ion 
in  the sandstone,  several  recommendat ions  are  suggested including 
the removal  or  immobi l izat ion of  sa l ts ,  a  t reatment  to  a id  in  the ant i -
swel l ing of  c lays  and f inal ly,  a  consol idant  t reatment . 
1 .  Sa l t  ex trac t ion versus  Bar ium hydroxide to  block sul fates  in 
stone
Salt  removal  t reatments  should be studied and implemented to  ex trac t 
the sul fates  f rom the sandstone.  Ex trac t ion of  the sul fates  should 
be done pr ior  to  any strengthening treatments  done on the stone. 
However,  s ince the sa l ts  are  present  throughout  the stone an a l ternat ive 
solut ion would be the use of  bar ium hydroxide to  block the movement 
of  sul fates  by the formation of  the ex tremely  insoluble  bar ium sul fate. 
Bar ium hydroxide can be appl ied in  var ious  ways  and this  needs to  be 
explored on s i te. 
2 .  Ant i -swel l ing agent
One of  the most  s igni f icant  problems with the Durham sandstone is  i ts 
h igh c lay  content .  I t  i s  advised that  an ant i -swel l ing agent  be appl ied 
pr ior  to  a  consol idat ion treatment  as  a  remedial  method to  reduce the 
deter iorat ion problem.  An ant i -swel l ing agent  is  a  preser vat ive  that 
stops  the hygroscopic  swel l ing of  c lays  located in  a  stone.  Swel l ing and 
shr ink ing that  occurs  in  the c lays  of  the sandstone are  a  result  of  wett ing 
and dr ying c ycles  occurr ing on the stone.  The agent ’s  ac t ion is  based on 
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replacing the inter layer  ions  that  are  the ones  or iginat ing the swel l ing. 
Ant ihygro –  an ant i -swel l ing agent  manufac tured by Remmers,  i s  a  wel l 
k nown treatment  that  binds  c lay  and decreases  swel l ing by up to  50% 
without  a l ter ing the mater ia ls  absorpt ion and breathing proper t ies. 1   
3 .  Consol idant  Treatment
The func t ion of  a  consol idant  t reatment  at  Durham would be to 
reestabl ish  the inter- granular  cohesion of  the sandstone that  has 
become fr iable  and deter iorated by granular  d is integrat ion.  The major 
pr inciples  when deciding on a  consol idant  t reatment  are  s igni f icant 
penetrat ion,  adhesion,  gelat ion and dr ying proper t ies,  have a  low 
modulus  of  e last ic i t y  and be carr ied in  organic  solvents  which wi l l  not 
cause the swel l ing of  c lays. 2  
Ethyl  s i l icates  are  of ten used in  mater ia ls  with high c lay  content  for 
they deposit  s i l ica  gel  as  a  binder  into deter iorated stonework .  The 
s i l ica  binder  gel  replaces  the or iginal  b inder  that  has  been lost  through 
weather ing.   E last i f ied S i l icate -Esters  are  s i l icate - esters  that  introduce 
an increase in  E-modulus  a l lowing for  expansion to  occur.  S ince an 
ant i -swel l ing agent  would be implemented pr ior  to  a  consol idant , 
e last i f ied s i l icate - esters  may not  be necessar y  but  they st i l l  may be 
the better  opt ion consider ing the f r iabi l i t y  and nature  of  the stone. 
Recommended consol idants  for  evaluat ion include Remmers  SAE 300E 
and Prosoco OH100.
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These recommendat ions  should be invest igated fur ther  to  determine 
the best  method for  appl icat ion to  the sandstone at  Durham.  They 
should be executed in  a  laborator y  sett ing so that  equivalent  tests  as 
those per formed throughout  this  study can be carr ied out  again on 
the t reated stone to  measure the ef f icac y  of  the t reatments.  Fol lowing 
laborator y  analys is  and conclus ions,  these t reatments  should be appl ied 
on s i te  at  Durham and monitored before  any ful l  implementat ion of  the 
t reatments  is  considered.
1   Remmers,  Funcosi l  Ant ihygro Technical  I nformation Sheet .
2   Scherer,  George W.  and George S .  Wheeler.  S i l icate  Consol idants  for  Stone. 
2009.  p.  5 .
118
Bibl iography
(BGS) ,  Br i t ish  Geological  Sur vey.  Br i t ish  Geological  Sur vey (BGS) .  2010.  http ://
w w w.bgs.ac.uk/home.html  (accessed Februar y  18,  2010) .
Adams,  A .E . ,  W.S .  MacKenzie,  and C.  Gui l ford.  At las  of  Sedimentar y  Rocks 
Under  the M icroscope.  New York :  John Wi ley  & S ons,  1984.
Amoroso,  Giovanni  G. ,  and Vasco Fass ina.  Stone Decay and Conser vat ion: 
Atmospher ic  pol lut ion,  c leaning,  consol idat ion,  and protec t ion.  New York : 
E lsevier  Sc ience Publ ishing Co,  I nc.  ,  1983.
Ashurst ,  John,  and Francis  G.  Dimes.  Conser vat ion of  Bui ld ing and Decorat ive 
Stone.  Boston:  Butter wor ths,  1990.
Ashurst ,  John,  and F.  G .  Dimes.  Stone in  Bui ldings :  I ts  Use and Potent ia l  for 
Today.London:  Architec tural  Press,  1977.
Ashurst ,  John,  and N icola  Ashurst .  Prac t ical  Bui ld ing Conser vat ion.  Vol .  1 ,  New 
York :  Halsted Press,  1988.
Baer,  S .  Z .  Lewin and N.  S .  “R at ionale  of  the Bar ium H ydroxide -Urea Treatment 
of  Decayed Stone.” Studies  in  Conser vat ion,  1974:  24-35.
Blatt ,  H .  Sedimentar y  Petrology,  2d ed.  New York :  W.H.  Freeman & Co. ,  1992.
Bourges,  A . ,  K .  T.  Fehr,  S .  S imon and R .  Snethlage.  “Correlat ion Bet ween the 
M icrostruc ture  and the M acrosopic  Behaviour  of  Sandstones.” I nternat ional 
Journal  for  Restorat ion of  Bui ld ings  and Monuments  14.3  (2008) :  157-166.
Bourguignon,  E lsa  S ophie  Odi le.  Study of  Deter iorat ion M echanisms and 
Protec t ive  Treatments  for  the Egypt ian L imestone of  the Ay yubid Cit y  Wal l  of 
Cairo  .  Graduate Thesis ,  Phi ladelphia :  Univers i t y  of  Pennsylvania ,  2000.
Bradley,  Susan.  “An I ntroduc t ion to  the Use of  S i lanes  in  Stone Conser vat ion.” 
Geological  Curator,  1987.
Br ickstock ,  R ichard.  Durham Cast le :  For tress,  Palace,  Col lege.  Durham:  Jeremy 
M i l ls  Publ ishing Ltd.  ,  2007.
Burr is ,  Chr ist ina  A.  The Analys is  of  Sandstone Deter iorat ion at  the Nor theast 
Point  of  I nscr ipt ion Rock at  E l  Morro Nat ional  Monument .  Graduate Thesis , 
Phi ladelphia :  Univers i t y  of  Pennsylvania ,  2007.
119
Caroe,  A .D.R .  and M.B.  Caroe.  Stonework :  M aintenance and Sur face Repair,  2d 
ed.  London:  Church House Publ ishing,  2001.
Charola ,  A .  E lena.  Sal t  in  the Deter iorat ion of  Porous M ater ia ls :  An O ver view. 
Journal  of  the American I nst i tute  for  Conser vat ion 39,  no.3  (2000) :  327-343.
Charola ,  A .  E lena,  Johannes Weber,  and Er ica  Bol le.  “Prel iminar y  Studies  of 
Deter iorat ion Patterns  at  Cerro  Colorado,  Argent ina :  Open Cave Formation 
and Honeycomb Weather ing.” ICOM Committee for  Conser vat ion,  9th t r iennia l 
meet ing,  Dresden,  German Democrat ic  Republ ic ,  26-31 August  1990:  prepr ints 
.  Dresden:  ICOM Committee for  Conser vat ion ,  1990.  321-325 .
Conser vat ion Science Teaching Ser ies.  Sc ience for  Conser vators.  Book 3 : 
Adhesives  and Coat ings.  Rout ledge,  New York .  2002. 
Correia ,  Jennifer  M.  Treatment  Evaluat ion for  the M icr i t ic  L imestone at 
M iss ion San Jose y  San M iguel  de Aguay,  San Antonio,  Texas.  Graduate Thesis , 
Phi ladelphia :  Univers i t y  of  Pennsylvania ,  2005.
Delgado -Rodr iguez,  J .  and Gi l  Sara iva ,  J .A .  “Exper imental  and Theoret ical 
approach to  the Study of  the Mechanism of  Wind Eros ion of  Stone in 
Monuments.” I n  Proceedings of  the 5th I nternat ional  Congress  on Deter iorat ion 
and Conser vat ionof  Stone,  Lausanne,  25-27 September,  1985.  Ed.  G.  Fel ix ,  167-
175.  Romandes:  Presses  Polytechniques,1985.
“Engineered Weather  Data  for  Fly ingdales,  UK .”
Faber,  Oscar,  “ The underpinning of  Durham Cast le”,  The struc tural  engineer, 
n .s .  12 .11 (1934) ,  438-463.
Ferron,  Amila .  The Consol idat ion of  Ear then Sur face Finishes :  A  Study of 
Disaggregat ing Plasters  at  Mesa Verde Nat ional  Park .  Graduate Thesis , 
Phi ladelphia :  Univers i t y  of  Pennsylvania ,  2007.
Fi tzner,  B.  “Porosit y  Proper t ies  and Weather ing Behaviour  of  Natural  Stones 
–  Methodology and Examples.” 2nd Course on Stone Mater ia l  in  Monuments : 
Diagnosis  and Conser vat ion.  Crete :  Communit y  of  Mediterranean Univers i t ies, 
Univers i t y  School  of  Monument Conser vat ion,  1993.  43-54. 
ICOMOS-ISCS.  I l lustrated Glossar y  on Stone Deter iorat ion Patterns.  Monuments 
and S i tes  X V.  Par is :  ICOMOS-ISCS,  2008.
120
Kejonen,  Aimo,  Sak ar i  K ie losto,  and S eppo I .  Laht i .  “Cavernous Weather ing 
Forms in  Finland.” Geograf isk a  Annaler.  Ser ies  A,  Physical  Geography,  1988: 
315-322.
Kemer y,  E l ise.  Conser vat ion Plan for  the Suddards-Manuel- Clark  Funerar y 
Monument ,  The Woodlands Cemeter y,  Phi ladelphia ,  PA.  Graduate Thesis . 
Phi ladelphia :  Univers i t y  of  Pennsylvania .  2009.
Luk aszewicz ,  Jadwiga W.  “ The I nf luence of  Pre - Consol idat ion of  Ethyl  S i l icate  on 
Soluble  Salts  Removal .” Deter iorat ion and Conser vat ion of  Stone.  Proceedings 
f rom the E ighth I nternat ional  Stone Congress,  Ber l in ,  1996.  Edited by Josef 
R iederer.  Ber l in :  Chr iste l  R iederer,  1996.
Lynch,  M ichael  F.  and Wi l l iam J.  H iggins.  The M aintenance and Repair  of 
Architec tural  Sandstone.  New York :  New York  Landmarks  Conser vanc y,  1982.
MacKenzie,  W.S . ,  and A.E .  Adams.  A  Color  At las  of  Rocks  and M inerals  in  Thin 
S ec t ion.  New York :  John Wi ley  & S ons,  1996.
M icrosof t .  Durham,  England Weather  Data .  http://weather.uk .msn.com/local .a
spx?wealocat ions=wc:UKXX0047&q=Durham%2c+England (accessed Februar y 
18,  2010) .
M oore,  Duane M. ,  and Rober t  .C .  Reynolds  Jr.  X-R ay Di f f rac t ion and the 
Ident i f icat ion and Analys is  of  Clay  M inerals .  New York :  Oxford Univers i t y 
Press,  1989.
Mustoe,  G.E .  “ The or igin  of  honeycomb weather ing.” Geological  S ociet y  of 
America  Bul let in ,  1982:  108-115.
Ol iver,  Anne.  “ The Var iable  Per formance of  Ethyl  S i l icate :  Consol idated Stone 
at  Three Nat ional  Parks.” APT Bul let in  33 no.  2/3 ,  2002:  39-44.
Pauly,  J .P.  “Maladie  Alveola i reCondit ions  de Formation et  d ’Evolut ion.” The 
Conser vat ion of  Stone I :  Proceedings of  the I nternat ional  Symposium,  Bologna, 
June 19-21,  1975.  Bologna,  1975.  55-80.
Pèrez-Bernal ,  J .L . ,  and M.A.  Bel lo.  “ Weather ing Ef fec ts  on Stone Pore S ize 
Distr ibut ions.” I n  Protec t ion and Conser vat ion of  the Cultural  Her i tage of  the 
Mediterranean Cit ies,  Sevi l la ,  Spain ,  5-8  Apr i l ,  2000.  ed.  G alán and Zezza,  203-
207.  L isse :  A .A.  Balkema Pub. ,  2002.
Prosoco,  I nc.  2010.  Mater ia l  Safet y  Data  Sheet  for  Consevare  OH100. 
121
Remmers,  Ltd.  2006.  Mater ia l  Safet y  Data  Sheet  for  Funcosi l  Ant ihygro.
Remmers,  Ltd.  2006.  Mater ia l  Safet y  Data  Sheet  for  SAE 300E.
Scherer,  George W. ,  and George S .  Wheeler.  “S i l icate  Consol idants  for  Stone.” 
Key Engineer ing M ater ia ls  Vol .  391,  2009:  1-25.
Ser ies,  Conser vat ion Science Teaching.  Sc ience for  Conser vators.  Book 3 : 
Adhesives  and Coat ings.  New York :  Rout ledge,  2002.
Sunamura,  Tsuguo.  “A Physical  Model  for  the R ate  of  Coastal  Tafoni 
Development .” The Journal  of  Geology,  1996:  741-748.
Torraca,  Giorgio.  Porous Bui lding Mater ia ls :  Mater ia l  Sc ience for  Architec tural 
Conser vat ion.  Rome:  ICCROM, 1982.
Trust ,  The Pi lgr im.  The Pi lgr im Trust .  http://w w w.thepi lgr imtrust .org.uk/ 
(accessed Januar y  31,  2010) .
UNESCO.  Durham Cast le  and Cathedral .  http ://whc.unesco.org/en/ l ist/370 
(accessed August  1 ,  2009) .
Durham Univers i t y  L ibrar y,  Archives  and Specia l  Col lec t ions.  “Durham Cast le 
bui ld ings  archive.”
Wendler,  Eberhard.  “Contour  S cal ing Damage:  M echanisms of  Development  - 
Poss ibi l i t ies  and L imits  of  Consol idat ion.”
West ,  Ian .  Geology of  Great  Br i ta in  -  an I ntroduc t ion with Geological  M aps. 
2008.  http://w w w.soton.ac.uk/~imw/Geology-Br i ta in .htm (accessed Februar y 
18,  2010) .
Wink ler,  E .M.  “Honeycomb Weather ing.” I n  Stone in  Architec ture :  Proper t ies, 
Durabi l i t y,  by  Erhard Wink ler,  174-178.  New York :  Spr inger-Ver lag,  1994.
Young,  Ann R .M.  “Salt  as  an agent  in  the development  of  cavernous weather ing.” 
Geology,  1987:  962-966.
122
a ppe ndix  a .  me th odolog y.
g
ra
vi
m
e
tr
ic
 a
n
al
ys
is
so
lu
b
le
 s
al
t 
co
n
te
n
t
w
at
er
 a
b
so
rp
ti
o
n
/d
ry
in
g
 b
eh
av
re
se
ar
ch
d
o
cu
m
en
ta
ti
o
n
m
at
er
ia
l 
an
al
ys
is
co
n
cl
u
si
o
n
s 
an
d
 r
ec
o
m
m
en
d
at
io
n
s
ca
st
le
 h
is
to
ry
co
n
te
xt
al
ve
o
la
r 
er
o
si
o
n
p
il
o
t 
fa
ca
d
e 
su
rv
ey
p
et
ro
g
ra
p
h
ic
 a
n
al
ys
is
la
b
o
ra
to
ry
 t
es
ti
n
g
sc
an
n
in
g
 e
le
ct
ro
n
 m
ic
ro
sc
o
p
y
x-
ra
y 
d
if
fr
ac
ti
o
n
A
01
a ppe ndix  b.  cast l e drawin gs .
5
10
20
m
et
er
s
B
01
5
10
20
m
et
er
s
B
02
5
10
20
B
03
a ppe ndix  c .  c ondit ions  g lossar y.
CONDITIONS GLOSSARY
SYMBOLOGY
T YPICAL EXAMPLE
TOTAL REPAIR
 THE COMPLE TE UNIT  REPLACEMENT OF STONE
C.01
CONDITIONS GLOSSARY
SYMBOLOGY
T YPICAL EXAMPLE
PAR TIAL REPAIR
 PAR TIAL REPLACEMENT OF STONE IN KIND
C.02
CONDITIONS GLOSSARY
SYMBOLOGY
T YPICAL EXAMPLE
PATCHING
 STONE SURFACE REPLACEMENT WITH MOR TAR
C.03
CONDITIONS GLOSSARY
SYMBOLOGY
T YPICAL EXAMPLE
ME TALLIC ELEMENTS
 ALL ME TALLIC INSER TIONS EMBEDDED INTO THE    
 MASONRY WALL
C.04
CONDITIONS GLOSSARY
SYMBOLOGY
MILD 
MODERATE 
SE VERE
ALVEOLIZATION 
 FORMATION ON THE STONE SURFACE OF CAVITIES  OF   
 VARIABLE SHAPES AND SIZES
C.05
CONDITIONS GLOSSARY
SYMBOLOGY
T YPICAL EXAMPLE
MINOR CRACKING
 FRAC TURES VARYING IN ORIENTATION,  DEPTH,  AND   
 LESS THAT 1/8” IN WIDTH
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CONDITIONS GLOSSARY
SYMBOLOGY
T YPICAL EXAMPLE
MA JOR CRACKING
 FRAC TURES VARYING IN ORIENTATION,  DEPTH,  AND   
 GREATER THAT 1/8” IN WIDTH
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CONDITIONS GLOSSARY
SYMBOLOGY
MILD 
MODERATE 
SE VERE
PEELING [DE TACHED]
 THIN DELAMINATION OF TOOLED AND PATCHED STONE   
 SURFACE
C.08
CONDITIONS GLOSSARY
SYMBOLOGY
MILD 
MODERATE 
SE VERE
PEELING [GONE]
 THIN DELAMINATION OF TOOLED AND PATCHED STONE   
 SURFACE RESULTING IN LOST STONE
C.09
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SYMBOLOGY
MILD 
MODERATE 
SE VERE
FRIABIL IT Y
 DISAGGREGATION OF STONE SURFACE USUALLY IN    
 ASSOCIATION WITH MODERATE AND MA JOR LOSS
C.10
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SYMBOLOGY
MILD 
MODERATE 
SE VERE
DE TACHMENT [ VIS IBLE] 
 PHYSICAL SEPARATION OF STONE INTO LAYERS
C.11
CONDITIONS GLOSSARY
SYMBOLOGY
T YPICAL EXAMPLE
DE TACHMENT [BLIND] 
 PHYSICAL SEPARATION OF STONE OCCURING BENEATH   
 THE STONE AND NOT VIS IBLE
C.12
CONDITIONS GLOSSARY
SYMBOLOGY
MILD 
MODERATE 
SE VERE
LINEAR EROSION
 STRIATED LOSS OF STONE SURFACE RELATED TO    
 SEDIMENTARY BEDDING
C.13
CONDITIONS GLOSSARY
SYMBOLOGY
T YPICAL EXAMPLE
LOSS [MODERATE]
 < 1/2” OF MISSING STONE
C.14
CONDITIONS GLOSSARY
SYMBOLOGY
T YPICAL EXAMPLE
LOSS [MA JOR]
 > 1/2” OF MISSING STONE
C.15
CONDITIONS GLOSSARY
SYMBOLOGY
MILD 
MODERATE 
SE VERE
CONTOUR SCALING
 DE TACHMENT OF STONE IN STACKED LAYERS     
 RESEMBLING TOPOGRAPHY,  OFTEN IN ASSOCIATION   
 WITH VIS IBLE AND BLIND DE TACHMENT    
C.16
CONDITIONS GLOSSARY
SYMBOLOGY
MILD 
MODERATE 
SE VERE
FLAKING
 DE TACHMENT OF SMALL,  THIN FLAT OR CUR VED SCALES  
 ON THE STONE SURFACE 
C.17
CONDITIONS GLOSSARY
SYMBOLOGY
T YPICAL EXAMPLE
DISPLACEMENT
 MOVEMENT OF STONE FROM ORIGINAL POSITION
+
C.18
CONDITIONS GLOSSARY
SYMBOLOGY
MILD 
MODERATE 
SE VERE
EFFLORESCENCE
 WHITISH,  POWDERY CRYSTALS ON THE STONE SURFACE   
 MADE OF SOLUBLE SALT
C.19
CONDITIONS GLOSSARY
SYMBOLOGY
MILD 
MODERATE 
SE VERE
SPALLING
 IRREGULAR LOSS USUALLY FROM IMPAC T OR     
 CORROSION 
C.20
CONDITIONS GLOSSARY
SYMBOLOGY
MILD 
MODERATE 
SE VERE
MISSING JOINTS
 MISSING OR DAMAGED JOINTS
C.21
CONDITIONS GLOSSARY
SYMBOLOGY
T YPICAL EXAMPLE
INTERFACE EROSION
 EROSION OCCURRING AT THE INTERFACE OF ORIGINAL   
 STONE AND STONE REPAIR
C.22
CONDITIONS GLOSSARY
SYMBOLOGY
MILD 
MODERATE 
SE VERE
ME TALLIC STAINING
 RED -BURN DISCOLORATION RELATED TO IRON    
 CORROSION
C.23
CONDITIONS GLOSSARY
SYMBOLOGY
T YPICAL EXAMPLE
VEGE TATION
 THE PRESENCE OF HIGHER PLANT FORMS,  INCLUDING   
 THEIR  ROOT REMNANTS
*
C.24
CONDITIONS GLOSSARY
SYMBOLOGY
MILD 
MODERATE 
SE VERE
GUANO
 BIRD EXCREMENT
C.25
CONDITIONS GLOSSARY
SYMBOLOGY
MILD 
MODERATE 
SE VERE
MICRO -FLORA
 THE PRESENCE OF ALGAE AND FUNGI  IDENTIFIED AS   
 LOCALIZED AREAS OF BLACK ,  GREEN,  OR BROWN    
 DISCOLORATION
C.26
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Gravimetr ic  Analys is  Data
 
ARCHITECTURAL CONSERVATION LABORATORY 
UNIVERSITY OF PENNSYLVANIA 
 
STONE ANALYSIS BY ACID DIGESTION 
 
Project/Site: Durham Castle 
Location: Durham, England Date Sampled: July 28, 2009 
Analysis Performed By: Tiffani Simple Date Analyzed: November 17, 2009 
DESCRIPTION OF SAMPLE 
Type/Location: Sandstone  SAMPLE No. Stone A 
Surface Appearance: friable 
Cross Section:  
Color: 2.5Y 7/3 Pale Yellow Texture:  
Hardness: 4 Gross Wgt.: 26.82 
COMPONENTS 
Fines: 
  
  
Color: 2.5Y8/1 White Wgt.: 8.57g Wgt. %: 32 
Organic Matter:  
Composition: Clays 
Acid Soluble Fraction: 
  
  
Wgt: 0.99g Wgt. %: 4 
Desc. Of reaction: reactive Filtrate Color: yellow 
Composition: Calcareous binder 
Acid Insoluble Fraction:  
  
  
  
  
  
  
  
  
  
  
Color: 2.5Y 7/2 Light Gray Wgt.: 17.26 Wgt. %: 64 
Grain Shape: angular and sub-angular 
Mineralogy: mostly silica sand, quartz 
Sieve analysis:  Screen % Retained  
  
  
8        1.53       
16        0.29 
30           0 
50        1.00 
100       64.48 
200       22.77 
pan         9.91 
ASSESSMENT  
 Type:   
Fines: mostly clays  32% 
Acid Soluble: calcareous material, possibly CaCO3     4% 
Stone particles: mostly silica sand and quartz:    64%   
 Total  99.99% 
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F.02
 
 
ARCHITECTURAL CONSERVATION LABORATORY 
UNIVERSITY OF PENNSYLVANIA 
 
M O R TA R  F R OM  E A S T  F A ÇA D E ,  1 9 3 0 S  R E S T OR A T I ON  
 
Project/Site: Durham Castle 
Location: Durham, England Date Sampled: July 28, 2009 
Analysis Performed By: Tiffani Simple Date Analyzed: November 17, 2009 
DESCRIPTION OF SAMPLE 
Type/Location: Mortar/Courtyard SAMPLE No. 
Surface Appearance: large aggregates, non-cohesive 
Cross Section:  
Color: 5YR 6/2 Pinkish Gray Texture:  
Hardness: 7 Gross Wgt.: 16.60 
COMPONENTS 
Fines: 
  
  
Color: 5YR 7/1 Light Gray Wgt.: 1.66 Wgt. %: 10 
Organic Matter:  
Composition: clays 
Acid Soluble Fraction: 
  
  
Wgt: 6.13 Wgt. %: 37 
Desc. Of reaction: highly reactive Filtrate Color: yellow 
Composition: CaCO3 
Aggregate:  
  
  
  
  
  
  
  
  
  
  
Color:  5YR 6/2 Reddish Gray Wgt.: 8.79 Wgt. %: 53 
Grain Shape: sub-rounded and rounded 
Mineralogy: quartz, sand particles 
Sieve analysis:  Screen % Retained  
  
  
8        0.68 
16      31.97 
30      27.42 
50      20.48 
100      14.11 
200        4.21 
pan        1.14 
ASSESSMENT  
Mortar Type:   
Fines: clays, silica sand 10% 
Acid Soluble: calcareous binder, 37% 
Aggregate: mostly quartz, 53%  
 
F.03
10
20
30
40
50
60
Mortar from East Facade, 1930s
Gravimetric Analysis
w
ei
gh
t (
g) w
ei
gh
t %
fines
acid soluble
acid insoluble
10000 1000 100 10 1
0
20
40
60
80
100
particle size (μm)
pe
rc
en
t fi
ne
r (
%
 p
as
si
ng
)
Mortar from East Facade, 1930s
Particle Size Distribution
F.04
  
ARCHITECTURAL CONSERVATION LABORATORY 
UNIVERSITY OF PENNSYLVANIA 
 
HISTORIC MORTAR FROM TERRACE ANALYSIS 
 
Project/Site: Durham Castle 
Location: Durham, England Date Sampled: July 28, 2009 
Analysis Performed By: Tiffani Simple Date Analyzed: November 17, 2009 
DESCRIPTION OF SAMPLE 
Type/Location: Mortar/Terrace SAMPLE No. 
Surface Appearance:  
Cross Section:  
Color: 2.5Y 5/1 Gray Texture:  
Hardness: 2 Gross Wgt.: 17.06 
COMPONENTS 
Fines: 
  
  
Color: 2.5Y 6/2 Light 
Brownish Gray Wgt.: 3.09 Wgt. %: 18 
Organic Matter: Hair 
Composition: clay 
Acid Soluble Fraction: 
  
  
Wgt: 7.79 Wgt. %: 46 
Desc. Of reaction: highly reactive Filtrate Color: yellow 
Composition: calcareous binder 
Aggregate:  
  
  
  
  
  
  
  
  
  
  
Color: 2.5Y 7/1 
Light Gray Wgt.: 6.16 Wgt. %: 36 
Grain Shape: sub-angular and sub-rounded 
Mineralogy: silica sand 
Sieve analysis:  Screen % Retained  
  
  
8            0 
16            0   
30          1.62 
50        18.83 
100        47.56 
200        22.08 
pan          9.90 
ASSESSMENT  
Mortar Type:   
Fines: mostly clay, 18% 
Acid Soluble: calcareous binder, 46% 
Aggregate: mostly silica sand particles, 36% 
 
F.05
10
20
30
40
50
60
Historic Mortar from Terrace
Gravimetric Analysis
w
ei
gh
t (
g)
w
ei
gh
t %
fines
acid soluble
acid insoluble
10000 1000 100 10 1
0
20
40
60
80
100
particle size (μm)
pe
rc
en
t fi
ne
r (
%
 p
as
si
ng
)
Historic Mortar from Terrace
Particle Size Distribution
F.06
Soluble  Salt  Data
Sample B (Current Stone) Sample C (Replacement)
Wh 38.07 Wh 39.36
Wh + Sample 53.35 Wh + Sample 60.90
We - Sample 15.28 We - Sample 21.54
Wh +  Wd (Sample Dry) 53.29 Wh +  Wd (Sample Dry) 60.87
Wd - Sample Dry 15.22 Wd - Sample Dry 21.51
% Moisture Content (w/w) = 
(we - wd)/wd x 100 0.39
% Moisture Content (w/w) = (we - 
wd)/wd x 100 0.14
W'h 38.21 W'h 39.36
W'h + Sample 53.01 W'h + Sample 59.9
W'd (Sample Dry) 14.80 W'd (Sample Dry) 20.54
Wp 4.17 Wp 4.12
Wg 94.01 Wg 94.17
Wg + wetf 129.41 Wg + wetf 137.82
Wg + dryf 112.84 Wg + dryf 118.69
Wdryf 18.83 Wdryf 24.52
% Soluble Salt Content (w/w) 
= (w'd - wdryf - wp)/w'd x 100
0.95
% Soluble Salt Content (w/w) = (w'd - 
wdryf - wp)/w'd x 100
0.68
Moisture & Soluble Salt Content
Sample B Sample C
Chloride Test (Cl-) 0 mg/L Chloride Test (Cl-) 0 mg/L
Sulfate Test (SO4
2-) 200 > 400 mg/L Sulfate Test (SO4
2-) 200 > 400 mg/L
Nitrate Test (NO2
-) 0 mg/L Nitrate Test (NO2
-) 0 mg/L
Nitrate Test (NO3
-) 0 mg/L Nitrate Test (NO3
-) 0 mg/L
S
Ion Test Strips
F.07
Soluble Salt Content
% Moisture 
Content
% Soluble Salt 
Content % Sulfate Ion
Durham Sandstone - Sample 
from Stone B 0.39 0.95 0.34
Replacement Sandstone - 
Sample from Stone C 0.14 0.68 0.26
Gypsum is CaSO4.2H2O Molecular weig 172.18
SO4¡ 96
0.4 1.20 0.4 0.95
Gypsum  0.2 g/l 0.61% 0.2 0.47
0.3 g/l 0.91 0.3 0.70
Sodium sulfate decahydrate 322.22
Mirabilite Na2SO4.10H2O
1.14120 0.8726792
Mirabilite 1.14% 0.87%
V of Solution (mL) 249 V of Solution (mL) 266
Ion (g/g)% = 0.2g/L x 0.25L / 14.8g x 100 Ion (g/g)% = 0.2g/L x 0.27L / 20.54g x 100 
0.34 0.26
for 0.3 g/L 0.51 0.394352483 0.39
for 0.4 g/L 0.67 0.525803311 0.53
0.675675676
F.08
Water  Absorpt ion/Dr ying Behavior  Data
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F.10
Durham Sandstone 
Unweathered
Wmax: 430.24 Surface Area(cm2): 25
Time Elapsed (min) Cumulative Time (hours)
Weight of Sample - Wt 
(g)
Water Content - Ut (g)
Relative Moisture 
Content - Y (g)
Residual Water     
Content - Q%
Moisture 
Content - ψ
0 0 430.24 23.23 1.00 5.40 0.19
1 0.0167 430.2 23.19 1.00 5.39 0.19
2 0.0333 430.16 23.15 1.00 5.38 0.19
3 0.0500 430.1 23.09 0.99 5.37 0.18
4 0.0667 430.07 23.06 0.99 5.36 0.18
5 0.0833 430.02 23.01 0.99 5.35 0.18
10 0.167 429.93 22.92 0.99 5.33 0.18
20 0.333 429.71 22.7 0.98 5.28 0.18
30 0.500 429.51 22.5 0.97 5.23 0.18
45 0.750 429.22 22.21 0.96 5.16 0.18
60 1.000 428.89 21.88 0.94 5.09 0.18
90 1.500 428.29 21.28 0.92 4.95 0.17
120 2.000 427.72 20.71 0.89 4.81 0.17
150 2.500 427.09 20.08 0.86 4.67 0.16
180 3.000 426.38 19.37 0.83 4.50 0.15
240 4.000 424.9 17.89 0.77 4.16 0.14
300 5.000 423.52 16.51 0.71 3.84 0.13
360 6.000 422.04 15.03 0.65 3.49 0.12
420 7.000 420.54 13.53 0.58 3.14 0.11
480 8.000 419.71 12.7 0.55 2.95 0.10
540 9.000 419.00 11.99 0.52 2.79 0.10
600 10.000 418.37 11.36 0.49 2.64 0.09
660 11.00 417.88 10.87 0.47 2.53 0.09
720 12.00 417.44 10.43 0.45 2.42 0.08
780 13.00 417.05 10.04 0.43 2.33 0.08
840 14.00 416.65 9.64 0.41 2.24 0.08
1680 28.00 413.79 6.78 0.29 1.58 0.05
1980 33.00 413.14 6.13 0.26 1.42 0.05
2040 34.00 412.98 5.97 0.26 1.39 0.05
2100 35.00 412.77 5.76 0.25 1.34 0.05
2220 37.00 411.74 4.73 0.20 1.10 0.04
2280 38.00 411.66 4.65 0.20 1.08 0.04
2460 41.00 411.35 4.34 0.19 1.01 0.03
2640 44.00 410.61 3.6 0.15 0.84 0.03
2700 45.00 410.61 3.6 0.15 0.84 0.03
4140 69.00 407.01 0 0.00 0.00 0.00
% Apparent Porosity:          
[Wmax-Wdry]100 / Wdry = 
[430.24-407.01] 100 / 407.01 = 5.71
Uo: Wmax-Wdry = 430.24 - 407.01 = 23.23
Imbibition Capacity:           
[Wmax-Wdry]/Wdry = 
[430.24-407.01] / 407.01 = 0.06
% Open Porosity = (Vop x 
100 / 125) = 
Vop = 23.23g /1 g/cm3= 
23.23cm3
18.58
F.11
Durham Sandstone with 
Alveolar Erosion
Wmax: 430.24
Time Elapsed (min) Cumulative Time (hours)
Weight of Sample - Wt 
(g)
Water Content - Ut (g)
Relative Moisture 
Content - Y (g)
Residual Water     
Content - Q%
0 0 417.13 23.15 1.00 5.55
1 0.0167 417.05 23.07 1.00 5.53
2 0.0333 416.97 22.99 0.99 5.51
3 0.0500 416.89 22.91 0.99 5.49
4 0.0667 416.81 22.83 0.99 5.47
5 0.0833 416.74 22.76 0.98 5.46
10 0.167 416.36 22.38 0.97 5.37
20 0.333 415.97 21.99 0.95 5.27
30 0.500 415.63 21.65 0.94 5.19
45 0.750 415.24 21.26 0.92 5.10
60 1.000 414.83 20.85 0.90 5.00
90 1.500 414.25 20.27 0.88 4.86
120 2.000 413.66 19.68 0.85 4.72
150 2.500 413.06 19.08 0.82 4.57
180 3.000 412.33 18.35 0.79 4.40
240 4.000 410.82 16.84 0.73 4.04
300 5.000 409.41 15.43 0.67 3.70
360 6.000 407.85 13.87 0.60 3.33
420 7.000 406.22 12.24 0.53 2.93
480 8.000 405.33 11.35 0.49 2.72
540 9.000 404.61 10.63 0.46 2.55
600 10.000 404.00 10.02 0.43 2.40
660 11.00 403.49 9.51 0.41 2.28
720 12.00 403.05 9.07 0.39 2.17
780 13.00 402.68 8.70 0.38 2.09
840 14.00 402.31 8.33 0.36 2.00
1680 28.00 399.81 5.83 0.25 1.40
1980 33.00 399.26 5.28 0.23 1.27
2040 34.00 399.11 5.13 0.22 1.23
2100 35.00 398.94 4.96 0.21 1.19
2220 37.00 398.53 4.55 0.20 1.09
2280 38.00 398.37 4.39 0.19 1.05
2460 41.00 398.03 4.05 0.17 0.97
2640 44.00 397.69 3.71 0.16 0.89
2700 45.00 397.53 3.55 0.15 0.85
2880 48.00 397.18 3.2 0.14 0.77
3300 55.00 396.25 2.27 0.10 0.54
3480 58.00 395.91 1.93 0.08 0.46
3720 62.00 395.40 1.42 0.06 0.34
3840 64.00 395.01 1.03 0.04 0.25
3900 65.00 395.00 1.02 0.04 0.24
5340 89.00 393.98 0 0.00 0.00
Imbibition Capacity:           
[Wmax-Wdry]/Wdry = 
[416.13-393.98] / 393.98 = 0.06
Uo: Wmax-Wdry = 417.13 - 393.98 = 23.15
% Apparent Porosity:          
[Wmax-Wdry]100 / Wdry = 
[417.13-393.98] 100 / 393.98 = 5.88
% Open Porosity = (Vop x 
100 / 125) = 
Vop = 23.15g /1 g/cm3= 
23.15cm3
18.52
F.12
 
 
 
 
 
SEM/EDS Area Percentages
F.13
XRD M ineral  Data  Result  L ist
XRD Stone Sample A
F.14
 F.15
appendix  g.  laborator y  exerc ises  and data  sheets.
Gravimetr ic  Analys is  Lab
G.01
G.02
G.03
Soluble  Salt  Content  Lab
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G.05
1HSPV-656  Advanced Architectural Conservation  
Laboratory Notes                 Prof. A. Elena Charola 
_________________________________________________________________________
Ion Test Strips for Semiquantitative Concentration Determination 
Objective: 
Correct use of commercial ion test strips. 
Calculation of the approximate concentration of the ion in a given sample. 
Commercially available test strips for different ions operate similarly to the pH 
strips.  They are very practical since apart from identifying the presence of the 
ion in question they can also provide a semiquantitative value of the 
concentration of the ion in the particular solution. 
Experimental:
Commercial strips are available for various ions, such as Cl-, SO4=, NO3-, NO2-, PO4-3 and 
NH4+.   Note that the concentration range within which an ion can be measured depends on 
the ion and the particular brand of the strip. One of the draw-backs of these test strips is 
their cost.  Therefore, their use for ion identification purposes should be limited for in-situ 
testing, while in the laboratory, they should ONLY be used for the semiquantitative 
determination of a given ion in a given sample.   Samples in architectural preservation are 
usually solids: either an efflorescence or a porous material that is contaminated with salt. 
1. Identification of the ion(s) present 
Once a sample is obtained, the first step is to determine the presence of the contamination 
ions via micro spot tests.  For this purpose, a little amount of sample is only necessary (if it 
is an efflorescence or in a powder form).  If the salt is within a porous material, it needs to 
be extracted (see Lab Notes for Determination of Moisture and Soluble Salt Content).   
2. Semiquantitative determination of the ion(s) 
Enough sample must be available for weighing, this means that at least 0.5 g of the sample 
is necessary for a nearly pure efflorescence, or 1 g if it also contains powder of the 
deteriorating material.   
The weighed sample—remember to subtract the weight of the container—is put into a 
small beaker and dissolved in water (if you have a powdered sample taken from the surface 
of a deteriorating stone/render/brick, only the salt will go into solution and there will be a 
residue.  In this case, the powdered sample should be left in water for at least an hour with 
occasional stirring).
This solution is then taken to a given volume, e.g., 10 ml, 50 ml, etc., either in a graduated 
cylinder or in a volumetric flask, depending on the precision required.  Record this volume 
which contains all the ions of your sample. 
G.06
2An aliquot of this solution is taken in a little beaker and the test strip immersed, or drops of 
the solution are put onto the strip (read the instructions for each type of test strip).  Once 
the color has developed, the concentration of the ion in question is given by the test strip.
Please note that some test strips give the concentration in the ion itself, i.e., NO3-, while 
others give it as a compound, i.e., NaCl.  Also note that some may give the concentration 
in mg/l (ppm) or in g/l. 
The concentration of the ion in the sample is then calculated as follows: 
        Ion (g/g) % =  Strip Reading (mg/l) x Vsoln (l) x 100 / wsample (g) x 1000 mg/g  
If the concentration of the ion in question is too high, a dilution must be prepared from the 
solution and this has to be taken into account in the calculation.  Note that in this case the 
volume of the aliquot has to be measured exactly as well as the volume of the dilute 
solution.  And then an unmeasured aliquot of this dilution is taken to make the 
measurement. 
Ion (g/g) = Strip Reading (mg/l) x Vsoln (l) x Vdil (ml)/ Valiquot (ml) x wsample(g) x 1000 mg/g
Note:
Technically, an aliquot means a part of a number or quantity that will divide it 
without a remainder; thus, 5 is an aliquot part of 15.  In general, it means a measured 
smaller volume of a larger volume.  For use with the strip, it does not have to be a 
measured aliquot, but if a dilution has to be prepared, then the volume of the aliquot needs 
to be known exactly as well as the volume of the original solution and of the dilution. 
Report:
1. The type of sample you are analyzing, its appearance and size. 
2. The ions identified in your sample and the microtests used. 
3. The concentration of the solution prepared (w/v). 
4. The reading of the test strip(s).  The % concentration of the ion. 
5. If dilutions had to be prepared, include the corresponding data: volume of aliquot, 
volume of dilution. 
6. Reading of the test strip(s).   
7. Identify in each case, the test strips used (brand and sensitivity range). 
G.07
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G.10
Remmers  Ant ihygro
G.11
G.12
Remmers  KSE(SAE)  300E
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G.15
Prosoco OH100
OH100 Consolidation Treatment
penetrating stone & masonry strengthener
Of all materials currently and historically employed in 
construction, masonry is one of the most durable. What has 
become apparent in recent years, however, is that masonry 
materials are not as enduring as once believed.
Placed in contemporary urban environments, these “timeless” 
materials decay at an alarming rate. Some deterioration may 
be attributed to the masonry's natural weathering process. The 
majority of the deterioration, however, is the result of oversights 
in use and maintenance of the masonry, and of the impact that 
industrialization has had on our environment, i.e. “acid deposition.”
The intent of all conservation treatments is to restore the structural 
integrity to crumbling, decaying masonry and/or provide a means 
of controlling future decay. The failure of many conservation 
treatments lies in their inherent dissimilarity to the masonry 
for which they are proposed as a preservative. When selecting a 
conservation treatment, an important consideration is to identify 
those treatments with physical and chemical characteristics similar 
to the masonry itself.
Conservare® Consolidation Treatments are based on silicic ethyl 
esters. Their extremely small molecular structure enables them to 
penetrate deeply into deteriorated masonry surfaces, collecting 
at contact points between individual stone grains. An internal 
catalyst and atmospheric humidity then convert the liquid 
consolidant into a glass-like silicon dioxide (Si02) gel which binds 
the stone particles together. Exhibiting chemical characteristics 
and thermal expansion/contraction characteristics which are 
virtually identical to that of natural stone, the newly deposited 
Si02 cementing matrix replaces the stone's natural cement which 
has been lost due to weathering inﬂuences.
DESCRIPTION AND USE
Conservare® OH100 is a ready-to-use consolidation treatment that 
stabilizes masonry by replacing the natural binding materials, lost 
due to weathering, with silicon dioxide. When properly applied, 
Conservare® OH100 penetrates deeply, does not form a dense 
surface crust, and retains the substrate's natural vapor permeability.
In addition to the general consolidation of severely deteriorated 
masonries, Conservare® OH100 is an eﬀective pretreatment for 
friable substrates that need to be strengthened before cleaning, 
patching or coating. Conservare® OH100 may be used on most 
types of natural stone, concrete, stucco, brick, terra-cotta, etc.
Conservare® OH100 is eﬀective on unpolished marble, travertine 
and limestone that has been treated with Conservare® HCT 
(Hydroxylating Conversion Treatment).
ADVANTAGES
?????????????????????????????????????????????????????????????
???????????????????????????????????????? ??????????????????????
??????????????
?????????????????? ????????????????????????????????????????????
???????????????????
?????????????????????????????????????????????
????????????????????????????????????? ???????
???????????????????????????????????????????? ????????
??????????????????????????????????????????????????
Limitations
??????????????????????????????????????????????????????????????
pretesting. Contact PROSOCO for information on the 
recommended test programs.
??? ???????????????????????????????????????????????????? ??????
12 months in sealed containers. Treated areas may bond to 
silicone and polyurethane molds (frequently used for casting 
replacement stone). Use a release agent to prevent molding 
compounds from adhering to the treated surface.
???????????????????????????????? ??????
OH100 Consolidation Treatment
????????????????????????????????????????????????????????????????????????????????????
OH100 Consolidation Treatment is recommended for these 
substrates. Always test. Coverage is in sq.ft./m. per gallon.
Substrate Type Use? Coverage*
Architectural
Concrete Block
Burnished
Smooth
Split-faced
Ribbed
no
no
no
no
??
Concrete
Brick
Tile
Precast Panels
Pavers
Cast-in-place
yes
yes
yes
yes
yes
Determine via on-
site test panels.
Fired Clay
Brick
Tile
Terra Cotta
Pavers
yes
yes
yes
yes
Determine via on-
site test panels.
Marble, 
Travertine, 
Limestone
Polished no ??
Unpolished yes Determine via on-site test panels.
Granite
Polished no ??
Unpolished yes Determine via on-site test panels.
Sandstone Unpolished yes  Determine via on-site test panels.
Slate Unpolished yes Determine via on-site test panels.
*Laboratory and ﬁeld testing are necessary to conﬁrm desired results and application procedures. 
Coverage rates vary, depending on degree of deterioration and recommended application procedures.
G.16
TYPICAL TECHNICAL DATA
FORM: Colorless to slight yellow.
SPECIFIC GRAVITY: 0.997
???? ?
?????????????????
????????????????????
??????????????????????? ?????
?????????????????????????
???????????????????????????????
??????????????????????????????????????????????????????????
VOC Information
Manufactured and marketed in compliance with USEPA AIM 
????????????????????????????????? ????????????????????????
states and districts with more restrictive AIM VOC regulations.
Available in regulation-exempt small container sizes.
PREPARATION
Protect people, vehicles, property, metal, glass, foliage, painted 
surfaces and all nonmasonry surfaces from contact with product, 
fumes or wind drift. Protect and/or divert pedestrian and auto traﬃc.
Ensure fresh air entry and cross ventilation during application 
and drying. Extinguish all ﬂames, pilot lights and other potential 
sources of ignition during use and until all vapors are gone. When 
applying to exteriors of occupied buildings, make sure all windows, 
exterior intakes and air conditioning vents are covered and air 
handling equipment is shut down during application and until all 
vapors have dissipated. 
The Importance of Pretesting
Since building materials diﬀer in their nature and degree of 
deterioration, each conservation project poses unique problems 
and requirements. To gain a full understanding of the ongoing 
deterioration and determine necessary stabilization/conservation 
?????????????????????????????????????????????????????????????
a. Evaluates the physical and chemical characteristics of the 
?????????????????????????????????????????????????????????
???????????????????????????????????????????????????????????????????
procedures necessary for conservation treatment. 
??? ?????????????? ???????????????????????????????????????????????
application procedures.
For more information on the recommended testing program, 
read the Conservare® Stone Testing Brochure and contact your 
PROSOCO representative to arrange a job-site visit.
On-Site Testing: Following lab testing, a test area should be 
cleaned and allowed to dry. An application of Conservare® 
???????????????????? ???????????? ??????????????????????
recommendations provided by the laboratory analysis. The job 
site test area should be as large as possible and representative of 
the condition of the entire project. The test area is necessary to 
????????????????????????????????????????????????????????????
allow calculation of the masonry's consumption rate. The on-site 
tests also provide a visible sample of the eﬀects of the treatment 
on actual job surfaces. Additional core samples can be taken from 
the test area and tested to verify depth of penetration and proper 
application procedures.
Surface Preparation
Following lab and on-site testing, clean the building with 
the appropriate Sure Klean® product. In most cases, surface 
contaminants such as carbon crust, salts, pigeon droppings, 
mildew and atmospheric stains must be completely removed to 
assure thorough penetration of Conservare® OH100. In addition, 
surface sealers and repellents which may have been applied must 
??????????????????????????????????????????????????????????
?????????????????????????????????????????????
In cases where even the most sympathetic cleaning program 
would remove an unacceptable level of surface detail, Conservare® 
OH100 Consolidation Treatment may be applied to the soiled 
surface to preconsolidate the stone. If such pre-consolidation 
is necessary, further evaluation will be required to ensure that 
no undesirable reactions take place between the consolidation 
treatment and the surface contaminants which may interfere with 
further conservation measures, i.e. subsequent cleaning, general 
consolidation, patching/repair, etc.
Surface and Air Temperatures
Protect surface to be treated from direct sunlight for several hours 
prior to beginning application. When possible, initiate treatment 
when surfaces are shaded. Keep surface temperature relatively 
cool to prevent too rapid evaporation of Conservare® OH100 
and to ensure proper penetration. Do not apply during rain, to 
wet surfaces or when there is a chance of rain. Protect from rain 
for two days following application. Surface and air temperatures 
?????????????????????????????????????????????????????????????????
???????????????????????????????????????????????????????????????
can be prevented by shading with awnings.
Storage and Handling
Store in a cool, dry place away from potential ignition sources. 
Keep tightly closed when not dispensing. Published shelf life 
assumes upright storage of factory-sealed containers in a dry place. 
??????????????????????????????????????????? ???????????????????
pallets. Dispose of unused product and container in accordance 
with local, state and federal regulations.
APPLICATION
Before use, read “Preparation” and “Safety Information.”
Dilutions
Use in concentrate. Do not dilute or alter. Stir or mix well before use. 
Application Instructions
???????????????????????????????????????????????????????????????
should be treated using low-pressure spray equipment, small 
areas with spray tanks. Mobile objects such as sculptures are best 
treated indoors by dipping or with the use of compresses. Contact 
OH100 Consolidation Treatment
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?????????????????????????????????????????????????? ???????????
more information.
Ensure proper penetration and prevent crust formations by 
applying Conservare® OH100 in repeated applications referred 
to as “cycles.” A cycle consists of three successive saturating 
????????????????????? ?????????????????
Typical treatments involve two or three cycles (6-9 separate 
?????????????????????????????? ??????????????????????????????????
testing will determine the optimum delay between applications 
and between cycles. Additional material should be applied until 
excess material remains visible on the surface for 60 minutes 
following the last application. Once this degree of saturation is 
??????????????????????????????????????????????????????????????????
Immediately ﬂush excess surface materials using industrial 
grade MEK (methyl ethyl ketone) or mineral spirits. If a second 
treatment is necessary, allow two to three weeks curing time 
??????????????????????????
??????????????????????????????????????????????????????????????????
conservation capacity of the substrate(s). From this information, 
the optimal delay between saturating coats, and dwell time 
between cycles will be prescribed. The work area should be limited 
to a size that can be treated within the prescribed time periods.
Proper timing of the application process will maximize penetration 
of the consolidation treatment. Deep penetration is critical to the 
?????????????????????????????????????????????????
Cleanup
Clean tools and equipment immediately with mineral spirits, 
denatured alcohol or an equivalent cleaning solvent. Remove 
overspray and spills as soon as possible.
Post-Treatment
Areas properly treated with Conservare® OH100 can receive stone 
repair materials, regrouting materials and PROSOCO’s BMC® 
silicone emulsion paints after the consolidation procedures have 
been completed. After curing apply the appropriate Sure Klean® 
Weather Seal water repellent to ensure protection from further 
water damage. 
SAFETY INFORMATION
Conservare® OH100 Consolidation Treatment is a solvent carried 
product and may cause symptoms typical with organic solvent 
exposures. This is a combustible material. Use appropriate 
ventilation, safety equipment and job site controls during 
application and handling. Read the full label for precautionary 
instructions before use.
First Aid
Ingestion: If swallowed, call a physician immediately. Do not 
induce vomiting except at the instruction of a physician. If 
vomiting occurs, keep head below waist to prevent entry of liquid 
into lungs.
Eye Contact??????????????????????????????? ???????????? ???????
assistance.
Skin Contact: Rinse thoroughly. Get medical attention if irritation 
?????????????????????????????????????????????????????
Inhalation?????????????????????????????????????????????????????????
breathing. Get immediate medical attention.
24-Hour Emergency Information: INFOTRAC at 800-535-5053
WARRANTY
The information and recommendations made are based on our 
own research and the research of others, and are believed to be 
accurate. However, no guarantee of their accuracy is made because 
we cannot cover every possible application of our products, nor 
anticipate every variation encountered in masonry surfaces, job 
conditions and methods used. The purchasers shall make their 
own tests to determine the suitability of such products for a 
particular purpose. PROSOCO, Inc. warrants this product to 
be free from defects. Where permitted by law, PROSOCO 
makes no other warranties with respect to this product, 
express or implied, including without limitation the implied 
warranties of merchantability or ﬁtness for particular purpose. 
The purchaser shall be responsible to make his own tests to 
determine the suitability of this product for his particular purpose. 
PROSOCO’s liability shall be limited in all events to supplying 
??????????????????????????????????????????????????????????????????
product has been applied. Acceptance and use of this product 
absolves PROSOCO from any other liability, from whatever 
source, including liability for incidental, consequential or resultant 
damages whether due to breach of warranty, negligence or strict 
??????????? ???????????? ?????????? ??????????????????????
representatives of PROSOCO, its distributors or dealers.
CUSTOMER CARE
Factory personnel are available for product, environment and job-
????????????????????????????????????????????????????????????????
for Customer Care. Factory-trained representatives are established 
in principal cities throughout the continental United States. Call 
????????????????????????????????????????????????????????????
prosoco.com, for the name of the Conservare® representative in 
your area.
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G.18
Aabsorption  11, 67, 74, 75, 76, 77, 117
alveolar  5, 7, 8, 22, 34, 35, 36, 37, 38, 39, 40, 41, 
42, 53, 71, 74, 91, 96, 98, 99, 100, 101, 
113, 115, 116
alveole  97, 105
alveolization  34, 51, 58
analysis  8, 11, 12, 13, 35, 39, 50, 61, 67, 68, 69, 
70, 72, 74, 97, 101, 102, 103, 104, 105, 
108, 112, 113, 114, 115, 118
ashlar  5, 21, 50, 57, 64
B
binder  5, 21, 50, 57, 64
buttress  5, 21, 50, 57, 64
C
calcite  5, 21, 50, 57, 64
carboniferous  5, 21, 50, 57, 64
castle  5, 21, 50, 57, 64
cavities  5, 21, 50, 57, 64
cavity  5, 21, 50, 57, 64
cement  5, 21, 50, 57, 64
clay  5, 21, 50, 57, 64
composite repair  5, 21, 50, 57, 64
condition  5, 21, 50, 57, 64
consolidant  5, 21, 50, 57, 64
construction  5, 21, 50, 57, 64
courtyard  5, 21, 50, 57, 64
crack  5, 21, 50, 57, 64
cracking  5, 21, 50, 57, 64
D
decay  5, 21, 50, 57, 64
detachment  5, 21, 50, 57, 64
deterioration  5, 21, 50, 57, 64
disintegration  5, 21, 50, 57, 64
dissolution  5, 21, 50, 57, 64
drying  5, 21, 50, 57, 64
durham  5, 21, 50, 57, 64
E
eds  5, 21, 50, 57, 64
element  5, 21, 50, 57, 64
ethyl silicate  5, 21, 50, 57, 64
exterior  5, 21, 50, 57, 64
F
facade  5, 21, 50, 57, 64
formation  5, 21, 50, 57, 64
freeze  5, 21, 50, 57, 64
friability  5, 21, 50, 57, 64
friable  5, 21, 50, 57, 64
G
geo-chemical  5, 21, 50, 57, 64
grain  5, 21, 50, 57, 64
gravimetric analysis  5, 21, 50, 57, 64
H
hygroscopic  5, 21, 50, 57, 64
I
illite  5, 21, 50, 57, 64
insoluble  5, 21, 50, 57, 64
inter-granular  5, 21, 50, 57, 64
interior  5, 21, 50, 57, 64
intra-granular  5, 21, 50, 57, 64
iron  5, 21, 50, 57, 64
K
kaolinite  5, 21, 50, 57, 64
L
linear erosion  5, 21, 50, 57, 64
loss  5, 21, 50, 57, 64
I ndex
Mmasonry  5, 21, 50, 57, 64
material  5, 21, 50, 57, 64
mechanism  5, 21, 50, 57, 64
micro-flora  5, 21, 50, 57, 64
microscopy  5, 21, 50, 57, 64
mineral  5, 21, 50, 57, 64
moisture  5, 21, 50, 57, 64
montmorollinite  5, 21, 50, 57, 64
mortar  5, 21, 50, 57, 64
P
peeling  5, 21, 50, 57, 64
petrography  5, 21, 50, 57, 64
porosity  5, 21, 50, 57, 64
Q
quarry  5, 21, 50, 57, 64
quartz  5, 21, 50, 57, 64
R
repair  5, 21, 50, 57, 64
replacement  5, 21, 50, 57, 64
restoration  5, 21, 50, 57, 64
S
salt  5, 21, 50, 57, 64
sandstone  5, 21, 50, 57, 64
sediment  5, 21, 50, 57, 64
sem  5, 21, 50, 57, 64
silica  5, 21, 50, 57, 64
silicon  5, 21, 50, 57, 64
soluble  5, 21, 50, 57, 64
soluble salt  5, 21, 50, 57, 64
structure  5, 21, 50, 57, 64
sulfate  5, 21, 50, 57, 64
surface  5, 21, 50, 57, 64
survey  5, 21, 50, 57, 64
synthetic  5, 21, 50, 57, 64
T
thaw  5, 21, 50, 57, 64
thin section  5, 21, 50, 57, 64
treatment  5, 21, 50, 57, 64
W
water  5, 21, 50, 57, 64
weathering  5, 21, 50, 57, 64
wetting  5, 21, 50, 57, 64
X
xrd  5, 21, 50, 57, 64
